Experimental studies of long-range atomic H motion and desorption in hydrogenated amorphous silicon and germanium by Wu, Xiao-Lin
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1991
Experimental studies of long-range atomic H
motion and desorption in hydrogenated
amorphous silicon and germanium
Xiao-Lin Wu
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Condensed Matter Physics Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Wu, Xiao-Lin, "Experimental studies of long-range atomic H motion and desorption in hydrogenated amorphous silicon and
germanium " (1991). Retrospective Theses and Dissertations. 10089.
https://lib.dr.iastate.edu/rtd/10089
INFORMATION TO USERS 
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly firom the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 
University Microfilms International 
A Bell & Howell Information Company 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
313/761-4700 800/521-0600 

Order Number 9202410 
Experimental studies of long-range atomic H motion and 
desorption in hydrogenated amorphous silicon and germanium 
Wu, Xiao-Lin, Ph.D. 
Iowa State University, 1991 
U M - I  
SOON.ZeebRd. 
Ann Arbor, MI 48106 

Experimental studies of long-range atomic H motion and 
desorption in hydrogenated amorphous silicon and germanium 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department; Physics and Astronomy 
Major: Solid State Physics 
by 
Xiao-Lin Wu 
A Dissertation Submitted to the 
Approved 
In Cif^ge of Major Work 
For the Major Department 
Iowa State University 
Ames, Iowa 
1991 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
I. INTRODUCTION 1 
A. Research Motivation 1 
B. Spatial and Electronic Structure of 
Tetrahedrally Bonded Amorphous Semiconductors 4 
C. Defects and Hydrogen Passivation 10 
D. Stability and Hydrogen Motion 18 
E. Scope of Thesis Work 23 
II. SAMPLE PREPARATION 25 
III. SAMPLE CHARACTERIZATION 37 
A. Thickness Measurements 37 
B. Optical Measurements 37 
C. Electron Spin Resonance Measurements 47 
D. Infrared Measurements 53 
E. Secondary Ion Mass Spectrometry 61 
IV. RESULTS ON UNDOPED a-Si:H 69 
A. Introductory Comments 69 
B. Results and Discussion 74 
V. RESULTS ON UNDOPED a-Ge:H 94 
A. Introductory Comments 94 
B. Results and Discussion 96 
VI. THE PERCOLATION MODEL 114 
VII. SUMMARY 120 
REFERENCES 123 
ACKNOWLEDGMENTS 131 
1 
I. INTRODUCTION 
A. Research Motivation 
Research on amorphous semiconductors has drawn 
considerable attention over the last two decades. Among them, 
hydrogenated amorphous silicon (a-Si:H) and its alloys have 
been the subject of intensive studies due to their 
applications as opto-electronic materials. 
The most important aspect of semiconductors is their 
"structure-sensitive" nature. Specifically, the introduction 
of dopant atoms of the order of ppm into a rigid crystalline 
network produces excess free carries (holes or electrons, 
depending on the doping elements), thus enabling p-n control 
of the conduction process in the material. On the other hand, 
in amorphous semiconductors, efforts to control the Fermi 
energy from near the conduction-band-mobility edge to near the 
valence band by doping were not successful until 1975, when n-
and p- type doping was demonstrated in glow discharge a-Si:H 
by Spear and LeComber at the university of Dundee.^ Prior to 
this breakthrough, it was generally believed that disordered 
systems such as amorphous semiconductors could not be doped, 
since the local valency requirements could be satisfied by 
bond rearrangements.^'^ This crucial discovery of valency 
controllability opened up a wide variety of potential 
applications of amorphous semiconductors in electronics and 
opto-electronics. Carlson and Wronski demonstrated the first 
application by fabricating an a-Si:H solar cell in 1976." 
Some unique physical properties and remarkable advantages of 
a-Si:H alloys as new opto-electronic materials emerged: 
(a) High optical absorption and large photoconductivity 
in the visible region. Unlike crystalline Si, which has an 
indirect bandgap, the gap of a-Si:H (and microcrystalline Si 
(lJic-Si:H)) is effectively direct. It has been shown* that the 
absorption coefficients of a-Si:H and |i,c-Si:H are more than 
one order of magnitude larger than that of a single crystal 
silicon near the maximum solar photon energy region of 5000 Â. 
Moreover, a-Si:H has excellent photoconductivity in the 
visible photon energy region. The ratio of photoconductivity 
to dark conductivity is 10® to 10', and a a is of the 
order of 10"® to 10"" (n cm ) . 
(b) The existence of valency electron controllability: 
Another noticeable property of these tetrahedrally bonded 
hydrogenated amorphous semiconductors is that the valence 
electron can be controlled by doping of the substitutional 
impurity atoms. 
(c) Low cost material: A systematic calculation based 
upon the opto-electronic properties of various solar cell 
materials indicated® that the optimum thickness of the active 
layer in a-Si solar cells is much smaller than the corres­
ponding thickness in single-crystal silicon solar cells. 
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(d) Due to its amorphous structure, large area cell can 
be deposited on various substrate materials at relatively low 
temperatures (200 to 300 °C). Moreover, because a-Si:H can be 
deposited directly from a vapor phase growth onto 
noncrystalline sustrates, mass production of large area solar 
cell and fabrication of large thin film transistor arrays is 
possible. 
In light of these advantages, intensive research led to 
impressive progress in the basic scientific understanding of 
the materials as well as film growth technology and device 
fabrication processing. Applications spread to photosensors, 
imaging devices, photoreceptors, and thin film transistor 
arrays. 
The motivation for studying hydrogenated amorphous 
germanium (a-Ge;H) is that the optical energy gap of a-Si;H is 
too large for the significant low-energy portion of the solar 
spectrum. This led to the development of tandem-type 
amorphous solar cells consisting of a-Si:H and a-Sii_^Gex:H. It 
has generally been reported that the overall opto-electronic 
properties of a-Sii-^Ge^ are inferior to those of optimized 
films of a-Si:H. Such poor behavior, however, is not unique 
to a-Sii_,Gex:H alloys, and has been reported for other alloys, 
such as a-Sii_xC^:H' and a-Sii-^Sn^rH.® W. Paul et al.® reported 
a preference ratio in excess of 5 for the attachment of H to 
Si over Ge during the formation of such alloys. It thus 
4 
appears that a higher density of defect states is associated 
with Ge. Indeed, Electron spin resonance results show that 
the ratio of Ge dangling bonds to Ge atoms increases 
drastically with increasing Ge percentage.^" However, if this 
was the source of the inferior properties, then the predicted 
magnitudes of the photoconductivity and the photoluminescence 
would be much smaller in a-Ge:H than the actual experimental 
results obtained by von Roedern."^ Paul et al.®'^^ suggested 
the existence of weakly bonded hydrogen in a-Ge:H and in 
a-Sii.xGe* alloys with a high Ge content, which could perturb 
the film structure resulting in a heterostructure responsible 
for the observed properties. 
Many problems remain to be solved, such as the optimal 
conditions for producing good a-Sii_%Gex:H. a-Ge:H in 
particular needs to be studied more throughly since it does 
not involve problems such as preferential attachments, which 
plague the a-Sii-^Ge^iH system. 
B. Spatial and Electronic Structure of Tetrahedrally 
Bonded Amorphous Semiconductors 
In crystalline materials, it is justified to assume a 
periodic potential because of the periodic positioning of the 
atoms. Bloch's theorem and appropriate boundary conditions 
yield the allowed energies for electrons in a given potential. 
This yields energy bands E(k) where k is the electronic wave 
vector. The concept of periodicity of atoms is thus vital to 
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this property. In crystalline semiconductors, bands of 
allowed energies are thus separated by forbidden energy gaps. 
In amorphous materials, however, the periodic lattice as well 
as the reciprocal lattice are lost. Thus, the wave vector k 
is no longer a good quantum number. 
Although the long-range periodicity is lost in amorphous 
semiconductors, a high degree of short-range order (SRO) is 
retained due to the chemical bonding. Hence, the nearest 
neighbor separation, i.e., bond lengths, are nearly equal, as 
in the corresponding crystalline case. The bond angles, on 
the other hand, suffer a variation of about 10%. 
Extensive macroscopic observations as well as microscopic 
structural characterizations of a-Si:H have been made by many 
groups in the past ten years. These included X-ray 
diffraction," small-angle neutron scattering," TEM 
(morphology),", infrared absorption (bonded hydrogen)," 
proton NMR (spatial distribution of hydrogen)," Raman-
scattering spectroscopy (local structural order)," and ESR 
(defect spin density)." 
X-ray and neutron diffraction,"'^" have been used to 
determine the radial distribution function (RDF) J(r), which 
is widely used to characterize these materials. Defined as 
J(r) = 47rr^p (r) 1.1 
where p(r) is the atomic density at distance r from an 
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arbitrarily chosen atom, it is deduced from the Fourier 
transforms of the diffraction data and gives the one-
dimensional description of the atomic distribution. From the 
results of Temkin et al.,=° shown in Fig. 1.1, the following 
conclusions can be drawn. The width of the first peak in the 
amorphous solid is evidently very similar to that of the 
crystalline case. Since the peak width corresponds to the 
spread in nearest neighbor distance, the bonding interactions 
responsible must be nearly identical. In both cases, the 
coordination number, z = 4, is determined by integrating the 
area under the first peak. Furthermore, the second nearest 
neighbor coordination is retained in the amorphous case but 
the absence of long-range order is obvious since the peaks 
beyond the second nearest neighbor are very broad and 
overlapping. The difference in the width and area under the 
peak indicates a bond angle distribution width of about 10°, 
or about a 10% variation in bond angles around 109.5°, the 
crystalline tetrahedral bond angle. The variation in bond 
lengths, on the other hands, is usually about 1 to 2%. Hence, 
in amorphous tetrahedral semiconductors, although the number 
of atoms associated with the nearest neighbors are the same, 
there is nevertheless a variation in the bond angles that 
rapidly leads to a loss of medium range order and ultimately 
to the absence of long range order. 
The structure can thus be described as a continuous 
7 
Fig. 1.1 X-ray derived RDFs for (a) crystalline Ge (with 
inset of diamond lattice, and (b) amorphous Ge films 
(from Ref. 20) 
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random network (CRN) appropriate to the structure of covalent 
type materials. A model built by Polk^^ first demonstrated 
the possibility of building an expanded CRN with the 
coordination number z = 4 without developing excessive bond 
length strain but allowing for a spread in bond length (~ 1%) 
can lead to a smaller bond angle distortion (± 7%). The small 
increase in bond length distortion energy can be compensated 
by a large decrease in bond angle distribution energy. The 
spatial fluctuations cause the conduction and valence bands to 
extend into the band gap region giving rise to the tail 
states, the extent of which depends upon the amount of 
inherent disorder. Fig. 1.2 is an illustration of a CRN. 
The absence of periodicity in amorphous materials 
dictates that there can be no reciprocal space. In this case, 
electron states cannot be described by a band structure of the 
form E(k). The quantity still valid as a description of 
electron states for both crystalline and amorphous solids is 
the density of states (DOS) N(E), which is defined as the 
number of electron states per unit volume in the energy range 
E to E+dE. Both theoretical calculations and experimental 
data have demonstrated the existence of band gaps which are 
analogous to those of crystalline semiconductors, though they 
are less well defined. Typical experimental techniques are 
photoemission, visible optical absorption and 
photoconductivity measurements. Several important 
9 
DB 
Fig. 1.2 A continuous random network (CRN) model of amorphous 
Ge (or Si) containing a dangling bond 
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consequences of disorder are worth mentioning. As depicted in 
Fig. 1.3,^2 in the crystalline solids, the electron states are 
spatially extended throughout the sample as the result of the 
periodic potential. In the amorphous case, due to disorder, 
they are spatially confined or localized in the vicinity of a 
single atomic site ("Anderson localization", see ref. 22). 
Mott" suggested that the states remain localized up to a 
precise energy E^, the "mobility edge", beyond which they are 
extended and approximately similar to Bloch states. The 
mobility gap is then defined as the difference in energy 
between the mobility edges of the valence and conduction 
bands. 
C. Defects and Hydrogen Passivation 
Unlike other amorphous materials, tetrahedrally bonded 
amorphous semiconductors can not be formed by quenching from 
the liquid. However, they can be prepared in the form of thin 
films deposited on a substrate, usually from chemical vapor or 
sputter deposition. The films are thus grown under non-
equilibrium conditions and are therefore metastable. This 
fact, combined with the rigidity of the tetrahedral bonding 
which tolerates only limited bond-length and bond-angle 
deviations, leads to the formation of a large number of 
structural defects. The simplest possible defect that would 
be present is the isolated dangling bond, which is simply a 
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Envelope 
î4 
\ ^X^^^Envelope 
Fig. 1.3 Form of the wavefunction in the Anderson 
localization model; (a) non-localized states; 
(b) barely non-localized (E > E„) ; (c) barely 
localized (E < E*); (d) strong localization (from 
Ref. 22) 
12 
three-fold coordinated Si or Ge atom with an unpaired orbital. 
The energy levels of these states may be discussed in terms of 
a simple molecular orbital picture. In Si, the four outer 
shell electrons have an atomic electronic configuration of 
3sf3p=. These four atomic levels hybridize to form four sp^ 
molecular hybrids. The interaction between Si atoms splits 
them into bonding (lower energy) orbitals and antibonding 
(higher energy) orbitals. The solid state interactions then 
broaden these molecular levels into bands separated by a band 
gap, as shown in Fig. 1.4. A dangling bond, or non-bonding 
orbital, containing a single electron, will reside neither in 
bonding nor in antibonding energy levels. Instead, the energy 
state corresponding to this sp^ orbital lies approximately 
midway between the conduction and valence bands. Thus, 
dangling bonds are expected to introduce electron states deep 
in the gap, which is otherwise empty. Hence a dangling bond 
is a sp^ orbital resulting from an undercoordinated atom. The 
resulting density of states is shown in Fig. 1.5. The 
dangling bond states are denoted by Ta^, where T represents 
tetrahedral bonding, the subscript denotes coordination number 
and the superscript C the charge state. The three charge 
states are 0, and ±1. Ta" has one electron in its orbital. 
Since this electron is not paired, it has an ESR signal with g 
= 2.0055. Unhydrogenated amorphous Si and Ge exhibit large 
ESR signals ( 10"-10^° cm"^). The large magnitude of densities 
u 0 0 0 0 
pStates(6) 
H-—^ 
sStates(2) 
1 1  t t o o o o  i  
sp^States(8) N 
, 0  0  0  0  
Anti bonding 
States (4) 
1 1 1 1  
Bonding 
States(4) 
Energy 
Fermi 
Level H W 
Number of States 
Per Unit Energy 
Fig. 1.4 On the right is the electronic structure of silicon 
as determined by a band model. On the left is the 
electronic structure of silicon as determined by 
nearest neighbor bonds (from Ref. 72) 
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V.b. c.b. 
1.5 Schematic density of states in amorphous silicon or 
germanium. are the mobility edges in the 
conduction band (c.b.) and valence band (v.b.), 
respectively, is the bottom of the conduction 
band, and T/, T," are dangling bond states for the 
first and second electron to occupy the state (from 
Ref. 22) 
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of gap states in these samples explains the observation that 
they cannot be doped. A dopant atom will donate (or accept) 
an electron to (or from) the defect gap states. But the high 
density of states prevent the Fermi level Ep from shifting 
significantly, and thus they cannot be doped. The charged 
dangling bonds T3* are double occupied or empty and can not be 
detected by ESR. Since the energy needed to add the second 
electron, called the correlation energy U, is positive,^" the 
T3" state is located higher in energy than Ta". The Ta^ state 
has no electron in its orbital, and is in principle at the 
same energy level as Ts". There exist some controversies on 
the exact locations of dangling bond states and the polarity 
of the correlation energy Only the fraction of 
dangling bonds that are neutral can be detected by ESR, and 
they depend on the position of the Fermi level Ep, which 
shifts toward the gap center as more dangling bonds are 
created. 
Some native defects in a-Si:H have been suggested, such 
as weak Si-Si bonds, charged under-coordinated Si atoms 
(T3*, Tj") with negative correlation energy,and the five­
fold over-coordinated Si "floating bond".^''^° 
In the "floating bond" model, Pantelides"'^° suggested 
that an over-coordinated Si atom is just as likely a candidate 
for a defect in the amorphous network as an under-coordinated 
Si atom (dangling bond). Since the central atom has only four 
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valence electrons to be shared in bonds with five nearest 
neighbors, the missing electron can be thought of as 
"floating" among the five bond sites (i.e. the wave function 
is distributed over five sp^ hybrids). By analogy with the 
dangling bond, he called this state a "floating bond" (FB). 
When it is neutral, this state has an electron and is thus ESR 
active. Using the previous nomenclature, floating bonds are 
denoted as Ts°. 
Although experimental evidence favors dangling bonds, the 
identification of the dominant defect in a-Si:H as 'dangling 
bond (DB)' or 'floating bond (FB)' is not entirely 
established. ESR hyperfine"'" and electron-nuclear double 
resonance (ENDOR)^^ studies have been interpreted both as a DB 
with backbond weakening^^ or a FB with significant localization 
on one of the atoms."'" Recently, Stutzmann and Biegelsen" 
found that the underlying defect wave function is mostly 
localized on one Si atom and has almost pure p character. 
Hence the g = 2.0055 defect is incompatible with FB, since 
calculations^®'^® show that an FB wave function has much less 
weight on any Si atom than DB state. 
By using concepts from crystal defect physics such as 
equilibrium defect densities and defect formation energies, we 
may gain some insight about DB and FB. If they are mutually 
independent, their densities will depend exponentially on the 
formation energy. Hence, a few kT less in associated 
I 
17 
formation energy will lead to drastic changes in the density. 
If they are created in pairs, however, their densities would 
obviously be equal, following the analogy of 
vacancy/interstitial pairs (Frenkel defects). Several 
theoretical calculations have been published. Biswas, Grest, 
and Soukoulis" reported the generation of generally equal 
numbers of FB and DB from their molecular dynamics simulation 
of amorphous silicon prepared by quenching liquid silicon. 
Pantelides^® suggested formation energies of 0.6 eV and 0.8 eV 
for FB and DB, respectively. Kelires and Tersoff^' simulated 
a-Si, formed by rapid quenching of the liquid, and obtained 
mean formation energies of 0.3 eV and 0.6 eV, respectively. 
The electrical, optical and opto-electronic properties of 
amorphous semiconductors are greatly improved upon 
incorporation of hydrogen. The incorporated H atoms terminate 
dangling bonds (hydrogen passivation), and relieve strains by 
breaking weak Si-Si bonds to form stronger Si-H bonds. They 
thus drastically reduce the defect state density at midgap and 
the density of conduction and valence band tail states. This 
reduction in the density of midgap states is manifest by a 
sharp drop in the ESR signal."" Since these states are the 
dominant carrier recombination-trapping centers, their 
elimination leads to a remarkable improvement of the opto­
electronic properties."^ The incorproation of hydrogen also 
reduces the disorder of the network and results in both an 
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increase of the optical bandgap (1.4 to 2.0 eV for a-Si:H, 0.9 
to 1.2 eV for a-Ge;H), and a decrease of the Urbach tail 
energy Since the number of electronically active 
defect gap states is drastically reduced, a-Si:H can be doped 
p-type or n-type via incorporation of group III or group V 
elements. 
D. Stability and Hydrogen Motion 
Stability is one of the most important issues in the 
physics and technology of a-Si:H. Reversible light induced 
metastable defect generation, known as the Staebler-Wronski 
effect (SWE), was discovered in 1977. They observed that both 
the photoconductivity and dark conductivity decreased 
following intense illumination of a thin film of a-Si:H at 
room temperature. They noticed that the effect could be 
completely removed by annealing the film above 150 
Obviously, this light-induced creation of defects limits the 
usefulness of a-Si:H in solar cells. Since then additional 
metastable changes in other properties of a-Si:H have been 
observed, such as luminescence,*® electron spin 
resonance,gap state density,"® and sub-gap 
absorption."® The changes in charge carrier trapping and 
recombination kinetics due to light exposure have been 
interpreted as the results of metastable changes in the 
density or occupancy of the defect states near mid-gap. The 
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metastable effects in a-Si:H apparently are all closely 
related. Furthermore, these metastable defect changes can be 
induced by means other than illumination, such as charge 
injection,®" doping," electron bombardment," X-rays" and 
thermal generation.®* It thus appears that the metastable 
defects are generated during the recombination of carriers 
rather than by photogeneration.®® Experiments on the 
stability of a-Sii_%Gey:H by Nakamura et al.®® show that the 
Staebler-Wronski effect is relatively small in that system. 
However, the density of photo-induced states is similar to 
that in a-Si:H. They suggest that the large density of states 
created by Ge dangling bonds masks the light-induced defect 
generation process. 
There is general agreement that the density of deep gap 
states increases with light soaking and the Fermi level moves 
toward the gap center. Also, their ESR signature is the same 
as that of DB. However, significant disagreement still exists 
on the types, densities and energies of these light-induced 
defects. Despite many efforts, the nature of the metastable 
defect remains to be established. 
The incorporation of hydrogen leads to many beneficial 
effects, as we discussed above. However, hydrogen motion has 
been suggested to be related to metastable defect generation 
and annealing. Two popular models for the generation of 
metastable defects are briefly outlined in the following. 
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In the charge redistribution model by Adler,^''®® 
different kinds of Si dangling bonds are formed when a-Si:H is 
made. During illumination, the defects convert from one type 
to the other: electrons trapped by T3* centers convert into 
Ta" and holes trapped by T3" centers convert Tj" into Ts" 
centers. Hence, the population of all the dangling bonds is 
redistributed due to the redistribution of charges. The 
concentration of T^" increases, while that of Ta"^ and T3" 
decreases. In other words, the number of Ta" dangling bonds 
increases without the need to break any bonds. Hydrogen may 
be needed to lower the energy barriers hindering 
interconversion, but its presence is otherwise not essential. 
In the second model,weak Si-Si bonds are associated 
with the bonding states in the valence band tail and the 
antibonding states in the conduction band tail. When an 
electron is trapped in the antibonding tail state and 
recombines with a hole in the bonding tail state, the released 
energy may break the weak bond into two dangling bonds. A 
hydrogen is needed to stablize the new defects, and prevent 
them from repairing. 
Moreover, Jackson®° proposed a hydrogen motion model to 
account for the metastable effects in a-Si:H. He points out 
that, through dangling bond creation and destruction 
reactions, many metastable phenomena may either directly 
relate to hydrogen motion or the equilibration of the lattice 
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induced by hydrogen motion. The equilibrium defect and dopant 
density is governed by an equilibrium between these reactions 
both during growth and as a function of time. These reactions 
are the driving forces for hydrogen to diffuse through the 
material. It is suggested that the properties of hydrogenated 
amorphous silicon slowly change as the hydrogen finds lower 
and lower energy configurations in the network. 
Hydrogen diffusion in a-Si;H has been characterized by a 
time-dependent dispersive diffusion constant Da(t)."'"'" 
Daft) can be expressed as 
where Doo is the microscopic diffusion constant, o is the 
attempt frequency, and a is the dispersion parameter. The 
"hydrogen glass" model, proposed by the Xerox group,"'"'®® 
suggests that a is related to the annealing temperature T as 
where kTo is the characteristic energy of the exponential 
distribution of multiple trapping (MT) sites, i.e., the 
density NH(E) of H trapping sites with barrier E is 
DeCt) = DooCot)- 1.2 
a = 1  -  T/To 1.3 
N„(E) = NHoexp(-E/kT„) . 1.4 
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The MT model has been highly successful in explaining 
electronic transport phenomena in disordered systems, where 
the transport is dominated by frequent trapping into, and 
thermal release from, localized states. 
Experimental evidence exists that the carrier-induced 
defect creation and dispersive H motion may be related. The 
Xerox group"'" found that excess band-tail carriers exhibit a 
characteristic "stretched-exponential" decay, according to the 
relation 
N(t) = N(0)exp[ -(t/T)» ] 1.5 
where B is the dispersion parameter. Equation 1.5 is the 
solution of rate equation 
dN/dt = - vN 1.6 
provided that v « t"". This is thus the direct result of the 
dispersive diffusion with a related to R as 
B = 1 - a = T/To 1 • 7 
Another effect of hydrogen motion is desorption. The 
desorption and diffusion processes limit the thermal stability 
of hydrogen in a-Si:H and a-Ge:H, and further limit the 
stability of the devices made from these materials. It is 
thus important to study the mechanisms governing the release 
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of hydrogen from the amorphous network at elevated 
temperatures. 
E. Scope of Thesis Work 
H motion and desorption in rf sputter-deposited a-Si:H 
and a-Ge:H were investigated in this research. Infrared 
absorption was used to monitor the hydrogen bonding 
configuration and the Si- and Ge- bonded H content. Secondary 
ion mass spectrometry was used to obtain the depth profiles 
used to determine H diffusion. ESR and optical transmission 
were also used for sample characterization. 
a-Si:H/a-Si:(H,D)/a-Si:H multilayers, prepared by rf 
sputtering, of varying H content and microstructure, and a 
glow discharge sample, were annealed at temperatures ranging 
from 270 to 400 °C. a-Ge:H/a-Ge;(H,D)/a-Ge:H multilayers with 
different hydrogen concentration were similarly prepared by rf 
sputtering and annealed at temperatures ranging from 180 to 
310 °C. The Meyer-Neldel relation (MNR) between the prefactor 
Do and the activation energy E., Do = Aooexp(Ea/kTo'), was 
observed for both systems. Yet the significance of the MNR is 
questionable, and probably results simply from the exponential 
form of the Arrhenius relation, and the limited temperature 
range of the measurements. Influence of structural relaxation 
processes and the microvoid-related deep H-trapping sites on H 
motion is discussed. The percolation model, which yields the 
( 
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anomolous diffusion from a geometrical point of view, is also 
discussed. 
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II. SAMPLE PREPARATION 
The samples studied in this work were thin films prepared 
by reactive radio frequency (rf) sputtering except for sample 
B, which was prepared by the glow-discharge (gd) process". 
The amorphous silicon and germanium films were prepared in two 
sputtering systems. Schematic diagrams of the systems are 
shown in Figs. 2.1 and 2.2, respectively. Deposition of a 
thin film by rf sputtering is accomplished by bombarding a 
target of the material to be deposited with energetic (up to 
several keV) ions of an inert gas (Argon in this study). The 
inert gas is ionized and accelerated towards the target by the 
applied electric field. The ions then strike the target 
surface and knock out atoms of the target. These atoms then 
travel across the vacuum and deposit on a substrate. 
a-Si:H/a-Si: (H,D)/a-Si;H multilayers 1 - 2 |xm thick are 
deposited by either glow-discharge (gd) under standard 
conditions yielding device-quality films,®'' or by rf 
sputtering (sp) a Si target onto nominally unheated grounded 
substrates below the target. The target is a 6" diameter 
polycrystalline silicon disk, mounted on a water cooled 
stainless steel backplate located underneath the top plate of 
the chamber. Single crystal silicon wafer substrates are used 
** The glow discharge film was prepared by R. F. Girvan at 
the Microelectronics Research Center, Iowa State University, 
Ames, Iowa 50011. 
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for IR absorption and SIMS measurement, while Corning 7059 
glass substrates are used for optical and ESR measurements. 
The rf power was from 100 to 550 W. The samples were annealed 
in evacuated pyrex tubes in the temperature range from 270 up 
to 400 °C. The target to substrate distance of the a-Si:H 
system was generally set at 1.25". The base vacuum pressure 
prior to film deposition was about (3±l)xl0"' torr. The gate 
valve is open to three turns to slow down the pumping rate. 
The gases are introduced according to their partial pressures. 
The gas of least partial pressure is introduced first while 
that with the highest partial pressure the last. The flow 
rates are controlled by micrometer valves. This chamber has a 
rotatable pedestal, which enables pre-sputter cleaning of the 
target. 
The a-Ge:H/a-Ge:(H,D)/a-Ge:H multilayers studied in this 
work were all prepared by rf sp of a 6" diameter Ge target, 
onto nominally unheated grounded substrates located 3" below 
the target. The rf power is 300 W. The partial Hz pressure 
vary from 0.1 to 1.5 mtorr, while the partial pressure of 
Argon is 8 mtorr during deposition of all of the films. The 
base pressure was (4±l)xi0"' torr, and the target-to-substrate 
distance was set to 3". Also, the chamber was equipped with 
an Ametek residual gas analyzer (RGA), which is used for 
monitoring the system vacuum and for thermal desorption 
measurements. The effective temperature at the film surface 
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during deposition is estimated to be - 100 °C. The samples 
were annealed in evacuated pyrex tubes in the temperature 
range from 180 up to 310 °C. 
The sample structure of the multilayer a-Si:H (or a-Ge:H) 
and the corresponding ideal Deuterium SIMS depth profile is 
shown in Fig. 2.3. The top, middle and bottom layers were of 
equal thickness. The middle layer was deposited with up to 
20% (partial pressure of hydrogen) deuterium added to the mix 
of hydrogen and Argon, which gave a deuterium concentration of 
no more than a few percent. It served as a probe for SIMS 
depth profiles. The D level was kept low to avoid 
perturbation of the microstructure and the IR spectra. 
Experimental evidence shows that this substitution does not 
significantly change the bonding configuration of the 
amorphous silicon film.®® The differences between the 
diffusion of deuterium and hydrogen due to their mass (mD/mH=2) 
are negligible, and the diffusion mechanisms for them are 
expected to be identical, therefore the diffusion coefficients 
for deuterium and hydrogen are equivalent. Once the desired 
gas flow rates and pressures were achieved, an rf power, which 
is capacitively coupled to the target surface, is applied to 
the target and the grounded substrate holder. Charged 
particles are generated and accelerated and become more 
energetic in the induced field. Furthermore, these charged 
particles collide with other gas atoms, thus more atoms become 
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ionized. This process continues until a plasma is generated 
and sustained. 
Figure 2.4 is a schematic diagram of the applied r.f. 
voltage and the effective target voltage. Instead of the 
actual sinusoidal waveform, a square wave is used here to 
simplify the discussion. During each positive half-cycle, the 
target attracts the electrons in the plasma. The target's 
positive potential is then effectively reduced as the 
electrons impinge on it. During the negative half-cycle, the 
positive ions are attracted to the target to reduce the 
negative bias voltage. However, since the mobility of 
electrons is much higher than that of ions in the plasma due 
to their great mass difference, more electrons than ions are 
attracted to the target surface in their respective half-
cycle. As a result, an over-all negative self-bias -Vsb is 
generated at the target and the plasma potential, Vp, is more 
positive than the potential of any electrode in contact with 
the plasma, due to the depletion of negative ions in the 
plasma near the positively biased electrode, as shown in the 
effective potential vs. distance relation (Fig. 2.5). Thus, 
after some time, the energetic positive ions are essentially 
attracted from the "glow region" of the plasma, and then 
accelerated passing the "dark region" to bombard the target 
surface by the negative bias potential rather than the rf 
potential. The ejected material from the target is then 
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deposited on the substrate. Hydrogen introduced during the 
sputtering chemically reacts with the target material on the 
growing surface of the film, resulting in 'reactive' 
sputtering. 
Voids and microstructure in sputtered films depend on the 
deposition conditions. Substrate temperature, gas partial 
pressure, sputtering power, and target-substrate distance are 
all significant parameters. 
Before discussing these parameters, a brief treatment of 
the "thermalization" concept is useful. During the sputtering 
process, the majority of the particles have relatively low 
energy of a few volts. Yet some high energy (up to the 
incident ion energy) particles are present in the plasma. The 
bombardment by these energetic particles creates defects and 
thus degrades the film properties. Thermalization reduces the 
energy of the sputtered atoms before they reach the substrate, 
hence eliminating excessive bombardment and the defects they 
induce. From kinetic gas theory, the distance needed for the 
sputtered Si atoms to be thermalized before reaching the 
substrate, Dth, is given by" 
Dth (cm) = Pxr'^ 5.7 ln(Ei/Et) 2.1 
where P^r is the partial pressure of Argon (in mtorr), Ei is 
the initial energy of the sputtered atom, while Et is the gas 
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thermal energy (kT). For a-Ge:H, eg. 2.1 becomes'® 
Dth (cm) = Pxr"^ 8.1 ln( E i / E t ) .  2.2 
For example, assuming Et = 0.032 eV (substrate temperature « 
100 °C), and P*r = 10 mtorr, Si atoms of up to 1000 eV 
thermalize within a distance of 5.9 cm ( 2.3" ). For Ge 
atoms, this distance is 8.4 cm ( 3.3" ). 
Some deposition parameters were varied in order to study 
the dependence of hydrogen motion and desorption in a-Si:H and 
a-Ge;H on H content and film microstructure. The parameters 
were chosen to be near previously reported optimal conditions. 
The Argon partial pressure used for a-Si:H sputtering was 
constant at 10 mtorr. Moustakas reported that higher pressure 
causes columnar morphology and microvoids.^^ For a-Ge:H, a 
partial pressure of 8 mtorr was used. This parameter has a 
direct impact on thermalization and thus should be considered 
when determining the target-to-substrate distance. 
The hydrogen concentration can be changed by controlling 
the Hz partial pressure in the plasma. A kinematic model for 
the incorporation of hydrogen in rf sputtered deposited a-Si:H 
was proposed by Moustakas et al.'® They showed that under the 
assumptions that (a) there are no gas phase reactions between 
Si and H, (b) hydrogen incorporation arises from surface 
reactions only, and (c) there is no significant desorption of 
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bonded H, the hydrogen concentration in the film Cg is given 
by 
Cb = Ch„,x [1 - exp(-Ftpa/R) ] 2.3 
where Canax is the maximum possible hydrogen concentration, F is 
the flux of hydrogen onto the film, <p is the sticking 
coefficient, ct is the capture cross section of the bonding 
sites for hydrogen, and R is the deposition rate of the 
growing film. From this relation, Ch would be expected to be 
a sensitive function of hydrogen flux, which is directly 
related to the hydrogen partial pressure. For a-Ge;H, 
considering that the mass is heavier and the bonding with H is 
weaker, the relation between hydrogen concentration and the 
sample preparation parameters may be different. 
Increasing substrate temperature usually produces 
denser amorphous films''^, a decrease of the internal stress, 
and a reduction of the ESR signal. During sputtering, the 
substrate is also heated by the bombardment of charged 
particles, such as Ar^, H* and electrons. 
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III. SAMPLE CHARACTERIZATION 
Many techniques have been used to characterize the 
electrical, optical and structural properties of amorphous 
semiconductors. Since hydrogen diffusion and its influence on 
the stability of the samples were our major concerns, the 
following standard characterization techniques were employed. 
A. Thickness Measurements 
A Sloan Dektak stylus profilometer (accuracy ± 1000 A) 
was used to measure the sample thickness. Corning glass 
substrates which are partially masked during the sputtering 
were used for this measurement. 
B. Optical Measurements 
In order to determine the optical band gap width and the 
absorption characteristics of the samples, a Cary model 14A 
spectrophotometer was used to measure the optical density in 
the 300 to 2,000 nm photon wavelength range. The Cary 
Spectrophotometer is a dual beam instrument. An incident beam 
of intensity lo passes through the reference compartment while 
the transmitted light with intensity I travels through the 
sample compartment. The width of the entrance slits of these 
compartments is automatically adjusted to balance the 
intensities of the two exiting beams. The ratio of the two 
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slit widths gives the ratio of lo to I. The optical density 
(O.D.) is defined as 
O.D. = logio(—. 3.1 
The optical absorption coefficient a is defined as 
I=loexp(-O!d) 3.2 
where a is the absorption coefficient and d is the sample 
thickness. Using the definition of transmission T=I/Io, the 
relationship between transmission and O.D. immediately 
follows : 
,P_10-O.D. 3 3 
The light source for the Gary is a quartzline lamp. 
Wavelengths from 2000 to 300 nm are scanned by the 
monochromator of the Cray and the corresponding optical 
densities are measured and recorded on a strip chart recorder. 
The maximal optical density the Gary could measure is two, 
which corresponds to a transmission of 1% and an absorption 
coefficient on the order of 10^ cm'^ for samples of 1 micron 
thickness. 
The absorption coefficient can be determined from the 
optical density and the thickness. The relationship between 
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the absorption coefficient and optical density is deduced by 
solving a transverse electromagnetic wave traveling through an 
interface. When transmission and reflection effects are taken 
into account, T is given by'" 
M = U-RQJ (l-Ria)exp(-ci;d) 3 . 
l+RoiRijexp ( -2ad ) +2 (  R01R12) ^'""exp ( -ad ) cos ( 47rnid/A. ) 
where Roi and R^a are the reflection coefficients from the 
air/film and film/substrate interfaces, respectively. The 
reflection coefficient at the interface between medium A and 
medium B is given by 
where nj^=nA,+ikx is the complex index of refraction of medium A. 
Typical optical density vs. wavelength plots of a-Si:H and 
a-Ge:H are shown in Fig. 3.1 and Fig. 3.2 respectively. The 
cos(47rnd/A.) term in the denominator of equation 3.4 gives rise 
to interference fringes. As a increases, this term becomes 
smaller and eventually negligible. Obviously, the other term 
which is proportional to exp(-2wd) can also be ignored. Then 
equation 3.4 reduces to 
T = (1 - Roi)(l - Ri2)exp(-ad) . 3.6 
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The final expression for a is then given by 
a = -(—)ln[ 
d 
3.7 
T,(l - RoJ(l - Ri:) 
where Tg is the glass transmission used to compensate for 
absorption in the glass substrate. The glass was found to 
have a transmission of 0.97, independent of wavelength in the 
wavelength region of interest. From this equation, a is 
completely determined by the complex refractive index of 
the film since the sample thickness and the refractive indices 
of air and Corning 7059 glass are known (1.0 and 1.53 
respectively). 
Using the fact that for a typical 1 |im sample the maximum 
value of a that can be measured by the Gary is about 10* cm"^ 
at A - 500 nm, from the relation k^ = aX/47r the estimated 
maximum value for k^ is ~ 10'^. Though n^ is a function of 
wavelength, we can assume n^ is a constant to simplify the 
calculation, n^ is roughly 3.5 for a-Si:H and 4.5 for a-Ge:H. 
Since k^ « (n^ - no)^, (nz - n^)^, the reflection coefficients 
can be simplified to 
(N. - 1) = 
3.8 (n, + 1) = 
and 
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RIZ = (N^ - 1.53)' 3.9 
(NI + 1.53): 
Knowledge of sample thickness and eq. 3.7 then yield a. 
The structural differences between crystalline and 
amorphous semiconductors have direct impact on their energy 
gaps. In a perfect intrinsic crystalline semiconductor, there 
are no allowed states in the energy gap. Therefore, photons 
with energies less than Eg can not cause electronic 
transitions across the gap, hence a(E) = 0 for E < E,. The 
energy needed to cause electronic transitions defines the 
energy gap Eg. For amorphous semiconductors, the optical 
energy gap Eg can be determined by using the relation 
suggested by Tauc et al.:'® 
(hvan)^^ = B(hv - Eg) 3.10 
where B depends on the density of states in the valence and 
conduction band tails. Typical Tauc plots for a-Si:H and a-
Ge:H samples of this work are shown in Fig. 3.3 and Fig. 3.4. 
In amorphous semiconductors the optical properties are 
characterized by the presence of a tail in the optical 
absorption. A typical absorption spectrum, showing three 
absorption regions, is depicted in Fig. 3.5. Absorption in 
region A is due to interband transitions similar to those 
which occur in crystalline solids. In region B, the optical 
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absorption decreases exponentially into the spectral region 
which is normally transparent in crystalline solid. The 
absorption in this region is dominated by band-tail to band-
tail transitions and a(E) can be written as 
a( E )  =  aoexp{ ( E - E i ) / E o }  3.11 
where a^, Ei and Eo are material dependent constants and Ei has 
a value close to the optical gap. This absorption resembles 
the behavior first observed by Urbach'® in ionic crystals, and 
is known as the "Urbach edge". Eo is called the Urbach 
coefficient, and is related to the valence band tail. For a-
Si:H, Eo is usually between 0.04 to 0.1 eV. For rf sp a-Ge:H, 
Wu®® found that Eo was between 0.2 - 0.3 eV. Large values of Eo 
imply a high density of tail states and hence greater local 
disorder. The absorption in the low absorption region C is 
believed to be caused by transitions involving defect states 
in the gap. 
C. Electron Spin Resonance Measurements 
The total number of unpaired spins, due to non-bonding 
electrons on threefold-coordinated Si (Ge) atoms (i.e., 
dangling bonds), can be measured by using electron spin 
resonance (ESR) spectroscopy. N» is one of the most direct 
measurement of film quality. Since dangling bonds create deep 
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states in the gap,'' which serve as recombination centers, 
photoconductivity as well as photoluminescence efficiency 
decrease rapidly with increasing No. 
ESR measurements were carried out on a Bruker ER220 DSR 
X-band spectrometer. A PC computer is interfaced with the 
spectrometer through a Metrabyte DASH-16 interface board, 
which controls the data acquisition. The samples are 
deposited on Corning 7059 glass substrates and then cut into 
strips of one-half inch by four millimeters. The reference 
used was a sample of DPPH with 1.2x10" spins, which was 
determined by using a MnrCaFa sample with a known number of 
spins. 
The magnetic moment (i of an electron is related to its 
spin by 
|i = -g(en/2mc)s = -gBs 3.12 
where R is the Bohr magneton = 0.927x10'^° erg gauss'^, and g is 
the spectroscopic splitting factor (g = 2.0023 for free 
electron). When an external magnetic field H is applied to 
the system, the interaction between the magnetic moment and 
the field is characterized by an interaction energy 
E = -fiH. 3.13 
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The energy difference between the two electron spin states is 
AE = ET -EL = gJÎH 3.14 
Resonant transitions between these levels are induced if AE is 
matched by electromagnetic radiation with an angular frequency 
(ùo such that AE = ïl(I)O. Thus 
(Do = gBHo/h. 3.15 
This resonance can, in principle, be detected by two 
approaches. In the first method, the magnetic field Ho is 
constant and the electromagnetic frequency u is scanned until 
the resonance condition (i)o=gBHo/h is met. In the second 
method, the electromagnetic frequency is constant while the 
magnetic field H is swept over a range centered around the 
resonance field Ho=Mwo/gB. The latter is by far the common one 
and also used in this work. The typical magnetic field used 
at the X-band frequency of 9.3 GHz was ~ 3340 gauss. The H 
sweeping range was 3340 ± 50 gauss for a-Si;H and 3340 ± 100 
gauss for a-Ge:H. 
The ESR measurements were performed by inserting the 
sample into a microwave cavity which was located between the 
centers of a large pair of magnetic pole pieces. A small 
modulation field (usually < 1/3 of the width of the resonance 
I 
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absorption peak) was applied at a frequency of 100 KHz and the 
resonance was phase sensitive lock-in detected by its effect 
on a balanced microwave bridge. Lock-in detection greatly 
enhances the sensitivity. Since the reference of the lock-in 
is a modulation of the swept quantity, the derivative dN/dH of 
the absorption is detected. Typical spectra of dN/dH vs. H 
are shown in Figs. 3.6 and 3.7 for a-Si;H and a-Ge:H, 
respectively. By comparing with the reference spectrum, the 
number of spins in a sample is given 
by" 
N  =  N  ( V )  ( H „ „ / )  ( G - )  ( K / )  ( A " )  3  
= " (AHpp")= (Y') (H_a") (Pw')""' (G") (K/) (A') ' 
where the subscripts r and s represent the reference and 
sample, respectively. AHpp and Y are the peak-to-peak width 
and amplitude of the resonance in the derivative mode. H„o<, is 
the magnitude of the modulation field. P is the power, G is 
the lock-in gain, K, is the number of scans, and A is the line 
shape factor. For the first derivative spectrum, A is 1.03 
for standard Gaussian and 3.63 for Lorentzian lines.'® The 
actual line shape factors are usually between these two 
extreme values. 
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D. Infrared Measurements 
Infrared (IR) absorption measurements of the vibrational 
modes yield important information on a-Si;H and a-Ge:H. The 
peak positions indicate the bonding configurations of the 
hydrogen atoms as well as oxygen or nitrogen impurity 
contamination. The integration over certain peaks yields 
information on the hydrogen concentration. A single beam 
Fourier Transform Infrared (FTIR) spectrometer, IBM model 
IR98, was used in our measurements. All samples used in the 
IR measurements were deposited on single crystal silicon. 
Other blank pieces from the same wafer substrate were used as 
reference. 
Typical IR spectra of a-Si:H and a-Ge:H are shown in 
Figs. 3.8 and 3.9. A variety of vibrational modes are 
observed. The major vibrational modes for hydrogen in a-Si:H 
were identified by Brodsky et al.®°. The corresponding 
bonding configurations are depicted in Fig. 3.10. The three 
modes are (1) the Si-H stretching mode (2000-2100 cm"^), (2) 
the Si-Ha and Si-Hs bond bending scissors mode (840-890 cm"^), 
and (3) the Si-H wagging mode (640 cm"^). The absorption peaks 
in a-Ge;H are at slightly lower frequencies, mainly due to the 
higher atomic mass of Ge. They are at 1870-1970, 780, and 580 
cm"^, respectively. The deuterium-related peaks are similarly 
at lower frequencies. Since the content of Da was small, its 
influence on the IR spectra could be neglected. If the 
4331 4fl 2311 ]J1I CI.) I til •31 €31 
Fig. 3.8 The IR absorption spectrmi of a typical a-Si;H film 
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Fig. 3.9 The IR absorption spectrum of a typical a-Ge:H film 
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Fig. 3.10 Schematic illustration of the bond stretching (top 
row), bond bending (middle row), and bond wagging 
and rocking (bottom row) modes of SiH, SiH,, and 
SiHj. SYM and ASYM indicate symmetric and 
asymmetric modes respectively. The solid and open 
circles represent Si and H atoms respectively (from 
Ref. 00) 
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hydrogen content is low, the absorption intensity will usually 
be weaker than the interference fringes, which complicates the 
quantitative analysis. 
The Si (or Ge) bonded H content is determined from the 
integrated intensity of the 640 (580) cm"^ wagging mode, using 
calibration coefficient provided by Shanks et al.®^ and 
Catherine et al.®^. The coefficient was shown to be 
insensitive to the bonding configuration and microstructure in 
a-Si:H, and is believed to be similarly insensitive in a-Ge:H 
as well. The hydrogen content determined from this absorption 
peak is consequently believed to be reliable. The equation 
used to calculate the hydrogen content is given by 
Cardona"'": 
NH = A/ [a(w)/w]dw 3.17 
where A is an experimentally determined constant, and a(w) is 
the absorption coefficient at frequency o. The integral 
extends over the absorption band of interest. The values of A 
for the various vibrational modes in Si and Ge are listed in 
Table 3.1. The following expression gives the hydrogen 
concentration Cg in a-Si:H; 
C„(at.%) = 1.125 Sg.o/d 3.18 
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Table 3.1 The various vibrational modes of hydrogen in a-Si:H 
and a-Ge:H, their bonding configurations and the 
corresponding proportionality constant A (from 
Refs. 81, 82 and 84) 
For a-Si:H 
Wavenumber 640 
(cm-*) 
840-890 2000 -2100 2100 
Mode Wag Scissors Stretch Stretch Stretch 
Bonding Si-H 
Si-Hz 
Si-H, 
Si-H: Si-H Si-H Si-H, 
(Isolated) (clustered) Si-Hj 
A (cm"*) 
(10") 
1.6 20 2 . 2  17 9.1 
For a-Ge;H 
Wavenumber 
(cm-*) 
565-575 760-825 1875-1895 1960-1970 
Mode Wag Scissors Stretch Stretch 
Bonding Ge-H 
Ge-Ha 
Ge-Hz Ge-H Ge-Hz 
A (cm'=) 
(10") 
1.1 5.0 14 
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where is the area (in cm"^) under the 640 cm"^ absorption 
peak and d is the thickness in microns. Similarly, for a-Ge:H 
CH(at.%) = 1.0 S,.o/d 3.19 
where Sgao is the area (in cm"^) under the 580 cm'^ absorption 
peak. The atomic percentage of Si in Si-Ha and Si-Hs is given 
by 
Na(at.%) = 10.44 Swo/d 3.20 
and that of Ge-Ha and Ge-Hs is given by 
Nd(at.%) = 11.5 SvBo/d 3.21 
We note, however, that since the films were deposited on 
polished Si wafers, the intensity of the GeHa scissors 
(bending) mode absorption at 780 cm"^ was much weaker than the 
interference fringes in the IR spectra. It was thus 
impossible to determine the dihydride and trihydride content 
of the a-Ge:H films. 
The interpretation of the Si-H stretch peaks is 
problematic. Although the shape of the Si-H stretch mode 
absorption could be clearly determined, and generally yielded 
peaks at ~ 2000 and ~ 2100 cm'^, the information it yields on 
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the bonding configuration and microstructure is ambiguous; A 
Si-H bond vibrating at 2000 cm"^ is assigned either to a H atom 
embedded in the bulk, or to an atom on the surface of a 
"compact" microvoid, where opposite surfaces are less than ~ 3 
Â apart,®®'®® A Si-H bond vibrating at ~ 2100 cm"^ is 
assigned either to a SiHz (dihydride), SiHa (trihydride), or a 
monohydride centered on the surface of a larger microvoid 
(opposite surface more than ~ 4 Â apart). The above 
discussion should also be applicable to a-Ge;H, i.e., the 1850 
- 1875 cm"'^ peak is probably due to mono Ge-H in the bulk or in 
"compact" microvoids; the 1950 cm"^ is apparently due to Ge-Ha, 
Ge-Ha or to Ge-H bonds at internal surface of larger 
microvoids. A simple dielectric screening model suggests 
that, as the void radius around the hydrogen increases to - 2 
Â, the stretch frequency of a Si-H (monohydride) bond 
increases to ~ 2100 cm"^.®^'®' 
Oxygen contents above ~ 0.5 at.% in the samples can 
easily be detected from the Si-0 and Ge-0 stretch vibration 
bands. For a-Si:H samples, the 900 cm"^ peak is related to 
bulk Si-0 bonds,while the 1100 cm"^ is attributed to oxygen 
bonded at internal surfaces. In a-Ge:H films, the 850 cm-1 is 
assigned to the bulk Ge-0 stretch vibration band.®® 
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E. Secondary Ion Mass Spectrometry 
Information on long range hydrogen (or deuterium) motion 
can be obtained from their depth profiles using secondary ion 
mass spectrometry (SIMS).*** During a SIMS measurement, 
atomic and molecular particles are sputtered off when the 
surface is bombarded by energetic ions (typical energy range 
from 0.5 to 20 keV). Secondary ions sputtered off the films 
are detected by a mass spectrometer. These ions may be 
emitted from the surface in the ionized state or they may be 
initially emitted as neutrals and ionized before analysis. 
The system is operated under ultra-high vacuum (UHV) 
conditions. 
There are three operation modes. These are static, 
dynamic, and imaging SIMS. In the static mode, high surface 
sensitivity with minimum surface damage can be achieved by 
using very low primary ion current densities. The dynamic 
mode, which was employed in this work, involves a high flux of 
primary ions directed at the material surface in order to 
obtain a high yield of secondary ions. The surface is eroded 
and a well defined crater is created. Hence, a depth profile 
is generated by monitoring changes of elemental composition 
with depth. This technique is thus destructive since it 
relies on particle removal from a surface. In the imaging 
*** The SIMS measurements were performed by Dr. Ruth Shinar at 
the Microelectronics Research Center, Iowa State 
University, Ames, Iowa 50011. 
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mode, a highly focused scanning ion beam is used to raster 
over the surface and the secondary ions generated at each 
point are collected and stored in a computer to form a 
chemical map of the surface. 
A Perkin Elmer model PHI 6300 SIMS was used to depth-
profile the films which were deposited on silicon wafer 
substrates. Fig. 3.11 is a block diagram of a SIMS system. 
The main components are the primary ion beam and the mass 
spectrometer. A primary beam of 4-6 keV positive cesium ions 
Cs+, generated by surface ionization, was used to produce 
negative secondary ions. This beam has a diameter of 50 - 60 
M-m and strikes the sample surface at an angle of 30° to the 
surface normal. The raster size was 500x500 |xm^. The mass 
spectrometer consists of an energy and quadrupole mass 
analysers. The secondary ions are analyzed according to their 
mass to charge ratio (m/e). The electronegative ion D" (m/e = 
-2) is used to detect deuterium, since it has a greater 
dynamic range than that of D* ion, which has the same mass to 
charge ratio (m/e = +2) as Hz*. Thus, the interference from H^* 
is avoided. Typical deuterium depth profiles of a-Si:H/a-
Si:(H,D)/a-Si;H and a-Ge:H/a-Ge:(H,D)/a-Ge:H are shown in 
Figs. 3.12 and 3.13. The x axis corresponds to the sputtering 
time, which is proportional to the etching depth. The y axis 
is the secondary ion current intensity in units of counts/s. 
The sharp drop in the concentration is used to define the 
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Fig. 3.11 SIMS technique block diagram 
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Fig. 3.12 SIMS depth profile of a typical a-Si;H film 
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Fig. 3.13 SIMS depth profile of a typical a-Ge;H film 
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film/substrate interface. It also determines the depth 
resolution of the profiles, which is typically ~ 150 Â at the 
interface of a ~ 1.5 ^m thick film. 
Besides hydrogen and deuterium, other atomic species such 
as oxygen, carbon, silicon and germanium are also occasionally 
monitored to check homogeneity and contamination levels. This 
is achieved by simultaneously monitoring their corresponding 
(m/e) values. Since the quadrupole mass analyzer does not 
employ magnets, this peak switching process can be done 
quickly without hysteresis effects. 
To obtain reliable SIMS profiles, some instrument 
parameters need to be chosen carefully. For accurate profile 
analyses, the properties of the analyzed materials as well as 
the physics of the sputtering process may significantly affect 
the resulting spectra. 
It is very important to keep the bombardment uniform and 
the ion contribution from the crater wall minimized. The 
former can be realized by keeping the primary beam current and 
the ion impact energy constant during data acquisition. The 
primary ion current stability should be verified at the 
beginning and the end of the analyses. The sputtering rate 
should be decided after considering the available time, 
required depth resolution, detection limit, and profile shape 
quality. Generally, increasing the primary beam current will 
increase the beam size. Fig. 3.14 depicts the beam diameter 
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versus current of a Cs beam on a Perkin Elmer PHI-6300 
source.®' The beam currents for this work were maintained 
between 500 nA to 700 nA, and yielded beam sizes of about 50 
Jim. The raster size cannot be too small, otherwise the 
profile quality will deteriorate due to crater side wall 
effect. For the same reason, not all the rastered area can be 
used for detection of secondary ions. On the other hand, the 
probability of nonuniform bombardment of the analysis area 
increases as the area is increased. Therefore, there is an 
optimal balance between the ion beam raster and the detected 
area so that the crater sidewall effects can be avoided and 
the sputtering rate and depth resolution can be optimized. A 
crater with a width three to five times that of the width of 
the detected area usually gives satisfactory results. In this 
work, electronic gating was employed so that the detected area 
was limited to 125x125 nm^ about the center of the crater. 
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IV. RESULTS ON UNDOPED a-Si:H 
A. Introductory Comment 
As we discussed in chapter I, many metastable changes may 
be related to hydrogen motion. A good understanding of 
hydrogen motion may lead to knowledge on the nature of defects 
and defect dynamics. 
The samples studied in this work are all in thin film 
form. Their geometry suggests that we can simplify the 
diffusion equation from its general form 
= D_ —#% + -IS- + D„ -IS- 4.1 at " 8x= ^ ^ dz 
to the one-dimension form 
ac(x,t) . p 4.2 
where C(x,t) is the deuterium concentration at location x at 
time t, and D is the diffusion coefficient. 
The closest form of boundary conditions for the 
multilayer structure is that of semi-infinite slabs in contact 
at the interfaces. Hence at the bottom D/H interface, the 
boundary conditions are: 
C(x,0) = j 
0; x>0 
Co,- x<0 
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and C(x,t) -»• 0 as x approaches to infinity at any t. If x is 
replaced by -x, the same boundary conditions are applicable 
for the top H/D interface. 
The solution to the diffusion equation subject to the 
above boundary conditions has the form of a complementary 
error function'" 
C(x,t) = Co/2 erfc[x/(4Dt)^:] 4.3 
where Co is the deuterium concentration at the x = 0 boundary; 
t is the annealing time and D is the time-independent 
diffusion constant. For dispersive diffusion where D is time 
dependent, D(t) is replaced by 
e = J"" D(T)dr 4.4 
Equation 4.2 can be transformed into 
ac(x,e) ^ a:cfx,e) ^ 5 
ae ax= 
By using the same boundary conditions, the solution in the 
right half plane is given by 
C(x,e) = Co/2 erfc[x/(4e)^^] 
= C^y2{l-erf[x/(48)^^]) 4.6 
Hence, despite the time dependence of diffusion coefficient. 
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the deuterium depth profile still has an error function shape. 
Using equations 1.2 and 4.4, 
6( t )  = D( T ) d T  = 0o e - "  4.7 
0^/= obviously has the dimension of length, and is related 
to the diffusion length L by: 
L = 28^^/= 4.8 
or 
1/ = 48 = 4 D(r)dr = 48. t^^'" 4.9 
thus, 
D(tJ = L=(l-a)/4ti, 4.10 
where tt is the time needed to diffuse a distance L. The 
hydrogen concentration profile falls to 1/e of its initial 
value at that point. 
If a = 1 - T/To, then equation 4.10 can be rewritten in 
the form 
D(tO = Doexp(-Edi„/kT) 4.11 
where 
Do = h' (ù{ l -a) /4  4.12 
and 
Eai« = kToln{[L"(0(l-a)]/(4Doo)} 4.13 
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Thus, it can shown that 
Do = Doo exp(Edicf/kTo) 4.14 
This relation between the activation energy and the prefactor 
is known as the Meyer-Neldel relation (MNR).®^ Equations 
4.11 - 4.14 demonstrate that the diffusion for a constant 
diffusion distance is thermally activated with an activation 
energy 2^1^. As L increases, hydrogen becomes progressively 
trapped in deeper sites and the activation energy Eaiff 
increases. Since the only assumption involved in the 
derivation is that the motion is power-law time dependent, and 
the dispersive motion is related to the multiple trapping (MT) 
model as a = 1 - T/T*, MNR follows from the MT model.®" A MNR 
between Edifi and attempt frequency v» extending over 16 orders 
of magnitude in Vo has been observed in annealing of various 
metastable defects in a-SiiH." It has not been verified for H 
motion in a-Si:H, however. On the other hand, Kirchheim and 
Huang" have questioned its significance in many systems. 
In another development, Shinar et al." reported that an 
excessive microvoid content suppresses H motion in undoped rf 
sputter-deposited (rf sp) a-Si:H, i.e., a = 1. This occurs 
even when a large fraction of the hydrogen remains bonded in a 
bulk-like mono-H configuration after annealing, as concluded 
from an IR stretch peak at 2000 cm"^. In films of somewhat 
73 
lower microvoid content, a « 0.75 ± 0.15 at 270 < T < 350 °C, 
yielding an anomalously high T» " 2300 K. Since microvoids 
apparently remove floating and dangling bonds from the bulk,®^ 
these results appeared to be clearer within the framework of 
Pantelides's "floating-bond" model Recent 
measurements,®^ however, claim that the electron spin resonance 
(ESR) active defect, whether floating or dangling bond, of 
lower mobility and much lower density than hydrogen, cannot 
mediate the latter's motion. The role of microvoids and the 
MT model thus remained unsettled. 
In this study, the dispersive diffusion was measured in 
undoped hydrogenated amorphous silicon of varying H content 
CH, diffusion length L, and microvoid content. 
The information on diffusion coefficients was obtained 
from measurements of concentration profiles by SIMS using the 
technique first employed on a-Si:H by Carlson and Magee®". 
The deuterium in the middle layer diffuses into the top and 
bottom layers and its profile was measured by SIMS. The 
information on the bonding configuration was monitored by 
Infrared absorption measurements. 
IR spectra were taken before and after each annealing 
cycle in order to follow the peak positions and amplitudes of 
the bonding configuration. The IR stretch band of all a-Si:H 
studied in this work showed a single narrow peak at 2000 cm"^, 
with a negligible tail at 2100 cm'^, indicating almost 
74 
exclusive bulk-like mono-H bonding configurations.®" The total 
Si-bonded H content CH was determined from the 640 cm"^ wagging 
mode. It should be noted that CH remained constant throughout 
all of the annealing steps, except following annealing of gd 
sample B for 8 hours at 360 °C. 
The deuterium SIMS profiles for as-deposited rf sp sample 
A and gd sample B are shown in Figs. 4.1 and 4.2, 
respectively. Note that the interfaces were sharp since the 
substrate temperature was low during the deposition. Figs. 
4.3 and 4.4 are deuterium depth profiles for samples A and B 
after annealing for different time periods. Clearly, the 
interfaces became smeared as the annealing time increased. 
After carefully choosing the interface positions, the fits 
were always good and usually excellent. The diffusion 
distance L taken for the measurement was typically 300 - 1500 
Â. Longer distances would require prolonged annealing, which 
might cause complicated effects,'® while shorter distances 
would fall below the limited spatial resolution of SIMS. 
Also, only values of L which did not require the extrapolation 
of the data points were included as the slope of log^^(t) vs 
logiot may change following prolonged annealing.®® 
B. Results and Discussion 
The values of 6(t) (see eqs. 4.4 and 4.6) in rf sputtered 
sample A, where Cg - 2 at.%, are shown in Fig. 4.5. Similar 
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Fig. 4.1 Deuterium SIMS profile of as-deposited rf sputter-
deposited sample A 
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Fig. 4.2 Deuterium SIMS profile of as-deposited gd sample B 
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Fig. 4.3 Deuterium SIMS profile of sample A annealed at 400 
°C for 24 hours 
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Fig. 4.4 Deuterium SIMS profile of sample B annealed at 360 
®C for 1 hour 
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results on gd sample B, where Ca - 9±1 at.%, are shown in Fig. 
4.6. The values of Dt in undoped a-Si;H, as first measured by 
Carlson and Magee (CM),'* are also shown for comparison. As 
clearly seen, the diffusion in sample B is slightly slower 
than that measured by CM. The diffusion in rf sputtered 
sample A, however, is - 20 times slower at 350 °C, and no 
diffusion was observable at 300 °C. The measurements on 
sample A were thus restricted to the narrow temperature range 
of 330 - 400 °C. 
The straight lines drawn in Figs. 4.5 and 4.6 are linear 
best fits of the data points to eg. 4.7. The values of a in 
samples A and B, at the various temperatures, are given in 
Table 4.1. The error in a is ± 0.1. We note that the error 
bars and scatter in the measurements of a as reported by 
others®^'" and in a previous study by our group®^ are similar. 
The values of To resulting from eq. 1.3 are also given. As 
clearly seen, a generally decreases with increasing 
temperature, except in gd sample B at 360 °C (see below). Its 
behavior, however, is obviously at variance with eq. 1.3, 
beyond the experimental error, as seen from the varying values 
of To. 
The diffusion constant 
D(t) = 8o(l-a)t-" 4.15 
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Fig. 4.6 Values of 0 [see Eqs. 4.6 and 4.7] vs annealing time 
t, in glow-discharge sample D. For additional 
details see caption of Fig. 4.6. The value of 0 
following annealing for 0 h at 360 "C is given in 
parenthesis, since some of the hydrogen had evolved 
out of the film during that annealing 
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Table 4.1 The values of a, resulting To, and 8» at the various 
annealing temperatures T in the rf sputter-
deposited sample A (Fig. 4.5) and glow discharge 
deposited sample B (Fig. 4.6) 
T (°C) a (±0.1) To (K) 0o (cm'Vsec^"'*) 
rf sp sample A 
330 0.39 990 3.3x10"" 
346 0.34 940 2.7x10"" 
360 0.07 680 9.9X10"" 
400 ~ 0.0 670 7.2X10"" 
GD sample B 
270 0.22 700 7.5x10"" 
300 0.32 840 3.5x10"" 
330 ~ 0.0 600 5.3X10"" 
360 0.30 900 6.4X10"" 
1 
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in samples A and B was determined from the time derivatives 
(see eq. 4.7) of the 0(t) vs t lines shown in Fig. 4.7. The 
argument" that Dft^) (see eq. 4.10) is the quantity to be 
monitored as a function of T, is independent of the behavior 
of the dispersion parameter a. It simply means that the 
diffusion of the deuterium in a constant volume of the film 
(determined by L) is being monitored at different 
temperatures. Thus, if the diffusion process is activated and 
a = 1 - T/To, then D(ti,) vs 1/T should indeed yield E. and Do. 
Yet this is true only if the set of sites available for 
deuterium occupation is constant during this process. If, on 
the other hand, structural relaxation and defect generation 
processes occur, they modify the sites at different rates at 
different temperatures. Then the barrier heights for H motion 
cannot be determined or the activation energy should be 
interpreted to include quantities involved in these other 
processes. Indeed, evidence for effects of structural 
relaxation on diffusion in boron-doped multilayers annealed 
over prolonged periods of time were observed by deuterium SIMS 
profiles.'® Roorda et al.** reported their differential 
scanning calorimetry observation of structural relaxation of 
a-Si. In addition, very recent elastic recoil detection 
analysis results of Tang et al." show that in undoped gd a-
Si:H, a increases with increasing T above 350 °C, and strongly 
so between 380 °C and 470 °C. These results are suspected to 
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result from thermal defect generation and/or structural 
relaxation processes. We thus presently suspect that below 
400 °c, deuterium motion actually proceeds mostly by thermally 
activated hopping out of multiple trapping sites, but 
structural relaxation and/or defect generation processes also 
occur. These processes would obviously affect the behavior of 
a, which would thus no longer depend on T as 1 - T/T*. As a 
matter of fact, even in the absence of structural relaxation 
and thermal defect generation processes, a 1 - T/T* dependence 
would be expected only if the distribution of sites is 
exponential.®® The observed departure of a from 1 - T/To may 
thus also be due to a nonexponential distribution. 
The validity of the subsequent analysis of Oft^) vs 1/T 
is thus subject to the relative contributions of the activated 
hopping and structural processes in determining a. Since a 
does not obey eq. 1.3, E, as determined from D(tL) is not 
independent of T (see eq. 4.13). Fig. 4.7 shows that for rf 
sputtered sample A and L = 350, 500, and 700 Â, lnD(ti,) is 
curved when plotted vs l/T. "Apparent" values of E. and D* 
were then defined from the linear best fits of lnD(ti,), for 
constant L = 2/8, vs 1/T (Fig. 4.7). The apparent E, and Do in 
the rf sputtered film containing 2 at.% H strongly increase 
with L. This is a direct consequence of the sharp drop in a 
from 0.39 at 330 °C and 0.34 at 346 °C to -0.07 at 360 °C and 
~0 at 400 °C. The values of E, and Do are summarized in Table 
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4.2. They are also significantly larger than those in the gd 
film containing 9 at.% H (~ 1.65 eV) or a microvoid-rich rf 
sputtered film containing 18 at.% H previously studied (-1.3 
eV)." This is obviously consistent with the observation that 
H diffusion in rf sputtered sample A is much slower than in 
the other samples. Note that the values of 6 following 
annealing for 8 and 16 hours at 330 °C somewhat deviate from 
the linear best fit line. If these two data points are 
ignored, a " 0.28. When L increases from 3 50 to 700 Â, E, and 
Do then increase from 1.9 eV and 0.3 cm^/s to 2.4 eV and 1600 
cmVs, respectively. There is, however, no justification for 
ignoring any of these points. They both show clear smearing 
relative to the as-deposited film, although the smearing is 
similar for the two periods. This behavior is consistent with 
the relatively large value of a, which is also observed at 346 
°C. The profile following annealing for 8 hours at 330 °C 
should exhibit a value of 0 that is smaller by a factor of 2 
to fit the line yielding a •=• 0.28. This deviation is beyond 
the error in the fitting procedure. 
The obvious correlation between Do and E. seen in Table 
4.2 should be viewed with caution. The differences between 
the samples, and in particular the slower diffusion in the 
film containing 2 at.% H, are believed to be significant. Yet 
the change of E. and Do with L in the latter is not well 
established experimentally, and may be subject to the 
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Table 4.2 The values of the "apparent" activation energy E« 
and prefactor Do, defined by the linear best fits 
of InDfti) vs l/T, in rf sputter-deposited sample A 
and glow discharge sample B 
L (Â) E. (eV) Do (cmVs) 
rf sputtered sample A 
300 1.94 0.48 
500 2.18 33 
700 2.44 3100 
GD sample B 
630 1.65 0.033 
1400 1.67 0.044 
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criticism raised by Kirchheim and Huang.In any case, 
however, Fig. 4.8 shows that this correlation extends to the 
rf sputtered samples containing -18 at.% H and a significant 
microvoid content, described previously.®^ As clearly seen, it 
spans 8 orders of magnitude in D», as Cg increases from 2 to 18 
at.%, and E. and Do decrease from 2.4 eV and 3100 cm^/s to 1.3 
eV and 2xi0"® cm^/s, respectively. The values of A^o " 3.1x10"" 
cmVs and slope l/T^' yielding To' " 730 K are close to the 
predictions of the MT model, in which Doo " 2x10"^® cm^/s and To 
" 650 K." Figure 4.8 thus suggests that hydrogen motion in 
virtually all undoped a-Si:H films obeys the MNR with these 
values of Aoo and T*', regardless of microstructure, H content, 
or diffusion length. 
Results on phosphorus-doped films from Ref. 64 are also 
inserted in Fig. 4.8. Their deviation from the MNR is in 
agreement with the role of band-tail carriers advanced by 
Jackson.®*'®® in enhancing H motion. 
As mentioned above, Kirchheim and Huang®^ question the 
significance of the MNR when it results from the motion of the 
same atom in a varying matrix. Yet when the values of E. and 
Do were calculated for constant annealing times, clear 
deviations from the MNR appeared: Although a similar relation 
indeed exists for various annealing times in rf sputtered 
sample A, the values of Do in gd sample B are too large by a 
factor of ~ 10 - 15. The deviations of Do in the microvoid-
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Fig. 4.0 The apparent prefactor D„ vs the apparent activation 
energy for II diffusion E./k, in various undoped 
hydrogenated amorphous silicon films. These include 
(i) rf sp sample A, of initial H content C„„ = 2 
at.%, for diffusion lengths L=350, 500, and 700 Â 
(see table 4.2); (ii) gd sample B, where C„„ - 9 
at.%, for L=630 and 1400 A; (iii) the sample studied 
by Carlson and Magee (CM; see Ref. 94), uncorrected 
for the time dependence of the diffusion constant 
(Cuo - 10 at.%), and (iv) a microvoid-rich rf sp 
sample with Cg, - 10 at.% (Ref. 63). Note that the 
value of D„ in some phosphorus-doped films, obtained 
from Ref. 64, are ~ 30 times higher than the 
corresponding undoped film of similar H content 
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rich rf sputtered sample of C» ~ 18 at.% are much more 
impressive. In that sample, Do is - 10® smaller than expected. 
It is thus suspected that the major process contributing to H 
motion is still thermally activated detrapping in the time and 
temperature range under consideration. The relatively slower 
diffusion with a strongly increased apparent E« at low H 
content is then in qualitative agreement with a roughly 
exponential distribution of site energies: The hydrogen would 
then be primarily occupying the deep sites at the tail of this 
distribution. 
The behavior of a obviously deserves special attention. 
Although it was observed to be very high (~ 0.75) in 
microvoid-rich rf sputtered films," its dependence on 
microstructure in gd a-Si:H has only recently been determined. 
Tang et al."'" have shown that a clearly increases as the 
deposition temperature T, decreases. Since the microvoid 
content increases with decreasing Ta," this result is in 
qualitative agreement with the results on the rf sputtered 
films.As previously mentioned, they have also observed that 
in gd films deposited at T, « 150 °C, a increases slightly from 
350 to ~ 380 °C, and very strongly from 380 to 470 
The increased value of a « 0.3 in gd sample A at 360 °C may be 
related to this behavior. Other measurements on boron-doped 
a-Si:H following prolonged annealing at 180 and 225 °C yield a 
complex dependence of a on annealing time.'® That behavior is 
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consistent with structural relaxation that leads to changes in 
the doping efficiency."^ All of these results indicate that 
structural relaxation and defect generation and/or annealing 
processes are not negligible at temperatures above 300 °C in 
undoped and 180 °C in doped films. Recent specific heat 
measurements of Roorda et al. and magic angle "Si NMR of Shao 
et al."^ on unhydrogenated a-Si also point to structural 
relaxation at relatively low temperatures. The results 
described in this work therefore clearly show that processes 
other than thermally activated detrapping contribute to, or 
inhibit, H motion in undoped a-Si:H above 300 °C. The 
apparent E. and D» calculated above thus provide only rough 
estimates of the true activation energies and prefactors in 
undoped a-Si:H. 
The MT model treated by Jackson** yields To' = To. Indeed, 
in all cases except that of the microvoid-rich rf sputtered 
film, 600 < To < 1000 K (see Table 4.1). That rf sputtered 
film, however, yielded To ° 2300 K." It is believed that 
microvoid-rich films contain a significant density of deep 
traps, which render immobile H an D. These yield very high 
values of a and To.®^'"'®® Yet the values of E. and Do for 
constant diffusion length are determined by the mobile H and 
D. They would therefore be expected to obey the MNR relevant 
to the mobile atoms, with an unrelated slope yielding T o' '"730 
K. 
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In spite of its importance, the nature of the microvoid-
related traps has not been settled. As mentioned above, it 
was previously shown®^ that an excessive microvoid content 
suppresses long-range H motion in undoped rf sputtered films, 
even when a large fraction of the hydrogen remains bonded in a 
"bulk-like" mono-H configuration as evidenced by a significant 
stretch peak or shoulder at ° 2000 cm'^.®* It therefore 
appeared that the deep microvoid-related traps are not located 
at the microvoid surfaces. Recent suggestions, however, 
propose that hydrogen bonded in a mono-H configuration at the 
surface of small, anisotropic and highly compressed (i.e., 
opposite surfaces only « 3 Â apart) microvoids will experience 
a dielectric screening similar to that in the bulk.®® It will 
consequently vibrate at 2000 cm"^, similar to isolated mono Si-
H bonds embedded in the bulk. Small clusters of hydrogen 
bonded in a mono-H configuration at such compressed microvoids 
will then contribute to the broad proton NMR component. 
Preliminary proton NMR measurements indeed indicate that 
annealing of rf sputtered films, including those prepared 
under conditions in which long-range H motion is suppresed, 
results in a sharp reduction of the narrow component following 
annealing."* It is therefore suspected that the microvoid-
related deep traps are indeed mono Si:H configurations at 
microvoid surfaces. This scenario suggests that rearrangement 
of Si-Si bonds adjacent to a bonded hydrogen, which is 
93 
apparently interrupted in the presence of microvoids, may be 
necessary for H motion. 
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V. RESULTS ON UNDOPED a-Ge;H 
A. Introductory Comments 
Hydrogen diffusion and desorption in a-Si:H have been 
extensively studied. «1.=2.",86,95,97,105,106 motivation for 
these studies has been the suspicion that H motion is involved 
in metastable defect generation and annealing processes. 
Although a-Ge:H is a closely related system to a-Si:H, only 
preliminary studies of H diffusion and desorption in a-Ge:H 
have been reported."®'"' We studied hydrogen diffusion and 
desorption in a variety of rf sputter-deposited a-Ge;H films 
and compared the results to the behavior of a-Si:H. 
The results on a-Si:H in the last chapter show that H 
diffusion is significantly slower at low H content. At CH ~ 2 
at.%, a was clearly observed to decrease with temperature, 
although its behavior did deviate from eq. 1.3. Experiment 
also showed that long-range H motion is suppressed as the 
microvoid density exceeds a critical value." It is 
consequently suspected that there are two types of Si-bonded H 
sites in a-Si;H: A set of MT sites roughly exponentially 
distributed in energy, and deep monohydride sites on microvoid 
surfaces. The latter render the hydrogen essentially immobile 
at temperatures below 350 °C, and perhaps up to ~ 475 °C, where 
diffusion-limited desorption of bulk hydrogen commences. 
As mentioned above, preliminary results on long-range H 
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motion and desorption in rf sp a-Ge;H have been reported. 
In addition, Beyer et al."' performed measurements of H 
diffusion and desorption in gd a-Ge;H filmes prepared under 
conditions similar to those of device-quality a-Si:H. Films 
of varying microstructure were obtained by varying the 
deposition temperature Ts in the 50 - 350 °C range. The 
calculated activation energy of H diffusion was E. - 1.5 eV, 
similar to values obtained in a-SiThey also 
reported that hydrogen desorbed from films deposited at low T^ 
(< 150 °C) below 200 °C, in spite of the absence of long-range 
H motion in the bulk of the film, as measured by SIMS. 
Studying the behavior of H motion in a-Ge:H system is 
thus highly desirable. Both the similarity and difference 
when comparing with that in a-Si;H will offer insight to the 
defect dynamics and hopefully to the problem of metastability 
in general. 
Since the films were deposited on polished Si wafers, the 
intensity of the GeHa scissors (bending) mode absorption at 
780 cm"^ was much weaker than the interference fringes in the 
IR spectra, as shown in Fig. 3.9. It was thus impossible to 
determine the dihydride and trihydride content of the films. 
In order to check the level of C, N, and O impurities in 
the films, the Auger spectra of some of the films was 
measured. Thus, sample 7 contained -0.1 at-% C, but no 
measurable (i.e., less than -0.05 at.%) amounts of N or 0. On 
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the other hand, sample 1 contained ~0.7 at.% O, but no 
measurable amounts of C or N. The presence of C, N, or O 
could not be correlated with hydrogen diffusion as monitored 
by the deuterium SIMS profiles. 
B. Results and Discussion 
The behavior of 0 as a function of annealing time t, at 
various temperatures, in four films which initially contained 
5.0 - 9.5 at.% hydrogen, is shown in Figures 5.1 - 5.4. As 
clearly seen, the behavior of 0 generally follows eq. 4.7. 
The values of a, 0^, and To (see eq. 1.3) resulting from the 
linear best fit of log0(t) vs logt to the data in Figs. 5.1 -
5.4 are listed in Table 5.1. The initial Ge-bonded H content 
CHO and the content following annealing CH are also listed. 
The reduction in CH during annealing due to desorption is 
obvious. We note that except for evolution of H from SiHz and 
SiHa bonding configurations during the initial annealing step, 
none occurred in a-Si;H during consecutive annealing steps at 
temperatures below 360°C. The desorption of hydrogen from a-
Ge:H during the annealing should obviously be taken into 
account in the analysis of the other results. 
The values of a clearly do not show any dependence on T 
in the measured range. In other words, they do not appear to 
obey eq. 1.3. Equivalently, the values of To calculated from 
the experimental values of a and eq. 1.3 generally appear to 
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Fig. 5.1 The values of 0 in. sample 1, as a function of thé 
annealing time t at 180 < T < 310 °C. While the as-
deposited Ge-bonded H content of the film was 5.0 
at.%, it gradually decreased to 2.8 at.% during 
progressive annealing steps (see Table 5.1) 
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SAMPLE 2 
Cu^ « 6.0 al.V« 
CJ 
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Fig. 5.2 The values of 0 in. sample 2, as a function of the 
annealing time t at 240 < T < 310 °C. While the as-
deposited Ge-bonded H content of the film was 6.0 
at.%, it gradually decreased to 4.2 at.% during 
progressive annealing steps (see Table 5.1) 
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Fig. 5.3 The values of 0 in sample 3, as a function of the 
annealing time t at 240 3 T < 310 °C. While the as-
deposited Ge-bonded H content of the film was 7.4 
at.%, it gradually decreased to 3.2 at.% during 
progressive annealing steps (see Table 5.1) 
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5 . 4  The values of 0 in sample 4, as a function of the 
annealing time t at 210 < T < 310 "C. While the as-
deposited Ge-bonded H content of the film was 9.5 
at.%, it gradually decreased to 3.5 at.% during 
progressive annealing steps (see Table 5.1) 
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Table 5.1 The values of the dispersion parameter a and 
prefactor 0„ resulting from fitting eq. 4.7 to the 
experimental values of 0 shown in Figs. 5.2 - 5.5. 
The initial Ge-bonded H content CHO (±0.5 at.%), H 
content after annealing €„ (±0.5 at.%), and the 
value of the characteristic temperature To of the 
multiple trapping model (eq. 1.3) are also listed 
Sample C„„ fat.%1 Tf*C) C» fat.%) a f±o.n 0„ fcm') T. rxi 
1 5.0 180 3.5 - 2.3 0.39 2. 2X10"^= 740 
210 3.1 - 2.3 0.33 6.1X10"" 720 
240 4.2 - 3.1 0.42 3.5x10"" 885 
275 4.1 - 3.7 0.31 3.2X10"" 794 
310 2.9 0.43 2.5x10"" 1020 
2 6.0 240 5.2 - 4.9 0.43 1.1x10"" 900 
272 5.0 — 4.6 0.44 2.3X10"" 970 
310 5.0 0.44 5.0x10"" 1040 
3 7.4 240 6.5 - 5.7 0.47 1.6x10"" 970 
275" 7.0 - 6.2 (0.45) (1.7X10"" ) 
310 6.5 - 3.2 0.36 1.8X10"" 910 
4 9.5 210 4.2 0.65 4.3x10"" 1380 
240 4.9 - 4.1 0.68 9.0x10"" 1600 
275 4.0 - 2.8 0.62 6.6x10"" 1440 
310 3.5 - 3.0 0.65 1.4x10"" 1670 
" The values are listed in parenthesis since the line drawn in 
Fig. 5.4 was determined by interpolating the values of 0oo at 
240 °C and 310 "C and the two points measured at 275 "C. 
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increase with T rather than remain constant. This deviation 
from eq. 1.3 is most striking in sample 1 (Fig. 5.1), in which 
measurements were performed over the widest temperature range 
(180 - 310 °C). In analyzing this behavior, one may initially 
suspect that the decrease in CH affects the observed values of 
a. Indeed, a diffusion constant that decreases with CHO or CH 
(as in a-Si;H)®® would then yield an a which is greater than at 
constant Cg. Yet D(ti,) is similar among samples 1, 2, and 3 
(see Table 5.2 and below). It is therefore believed that a 
different scenario is responsible for the temperature 
dependence of a (see below). 
With the exception of sample 4, a does not exhibit a 
dependence on CH either (see Table 5.1). Its value is 
considerably higher (~ 0.65), however, in that sample, which 
contained 9.5 at.% hydrogen when deposited, only 4.9 at.% or 
less during annealing. In a-Si;H, the initial desorption 
primarily involves hydrogen from SiHz and SiH, 
configurations,"" which are usually associated with 
microvoids.®^'®*'"® It is thus suspected that the microvoid 
content of sample 4 was considerable, and largely responsible 
for the high value of a. This conjecture is in excellent 
agreement with the existing results on a-Si;H, where 
microvoids have indeed shown to contribute to a large value of 
g, 63'97 light of the temperature independence of a in all of 
the samples studied in this work, it is believed that their 
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Table 5.2 The values of the diffusion constant D(ti,) for 900 
< L ^  2000 A, as determined from the values of 0 
shown in Figs. 5.2 - 5.5 and eqs. 4.7, 4.8 and 4.10 
Sample C„„ T 
f°C) 
Ca D(tJ (cmVs), L = 
rat.%^ 900 Â 1200 Â 1500 Â 2000Â 
5.0 180 
210 
240 
275 
310 
3.5-2.3 3.9X10"" 
3.1-2.3 6.8X10"" 
4.2-3.1 2.0x10"" 
4.1-3.7 1.2X10"" 
2.9 "5.3X10"" 
2.1x10"" 
4.2X10"" 
9.9x10"" 
7.8x10"" 
2.4x10"" 
6.0 240 5.2-4.9 
272 5.0-4.6 
310 5.0 
6.2x10"" 4.3x10"" 2.7x10 
2.5X10"" 1.8x10"" 1.1x10" 
9.6X10"" 6.8x10"" 4.3X10" 
16 
•15 
>15 
7.4 240 6.5-5.7 
275 7.0-6.2 
310 6.5-3.2 
7.2X10"" 5.0x10"" 2.9x10"" 
1.2x10"" 7.9x10"" 5.0x10"" 
5.6X10"" 4.1x10"" 3.1x10"" 
9.5 210 
240 
275 
310 
4.2 1.4X10"" 
4.9-4.1 4.5x10"" 
4.0-2.8 8.4x10"" 
3.5-3.0 3.7X10"" 
2.3x10"" 
5.0x10"" 
1.5X10"" 
5.5x10"" 
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role is even more dominant in a-Ge:H. The subtle but 
important differences between monohydride sites on microvoid 
surfaces of the two networks are discussed later in this 
chapter. 
The values of D(ti,), for diffusion length L from 900 to 
2000 Â, determined from Figs. 5.1 - 5.4 and eqs. 4.4 and 4.10, 
are listed in Table 5.2. As mentioned above, DCtt) does not 
exhibit a clear dependence on CH» or Cg among samples 1, 2, and 
3. In contrast, it does decrease with CH in a-Si:H.®®'"® For 
L = 900 Â, the values of DCti,) in sample 4 are similar to 
those of the other samples; the values of L = 1500 Â at 275 
and 310°C, on the other hand, are distinctly lower than those 
of the other samples. This behavior obviously results from 
the strong dependence of D(ti,) on L, i.e., due to the large 
value of a, in turn believed to result from an increased 
micvoid content. 
The activation energies and prefactors, determined from 
the linear best fit of the values of logDftt) plotted vs 1/T 
(see eg. 4.11) are listed in Table 5.3. The values of E. are 
clearly independent of L, again in contrast to the behavior 
expected from the MT model. The observed behavior is a direct 
mathematical result of the lack of dependence of a on T. 
Since a > 0 and E. is independent of L, the decreasing 
value of D(ti,) with increasing L is due to a decreasing 
prefactor Do. The values of E.(L) and Do(L) therefore do not 
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Table 5.3 The activation energy E, (±0.1 eV) and prefactor D» 
for H diffusion lengths 900 < L < 2000 Â, as 
determined from Table 5.2 and linear best fits of 
ln[D(t,,)] vs 1/T. Note that E, is essentially 
independent of L. 
Sample fat.%^ L E. reVI D_ fcmVs^ 
1 5.0 900 1.21 1.7x10"" 
1500 1.19 6.3X10"® 
2 6.0 • 1200 1.00 4.7X10"® 
1500 1.01 3.7x10"' 
2000 1.02 2.6X10"® 
3 7.4 1200 0.74 1.2x10" 
1500 0.76 1.2X10"* 
2000 0.86 6.2x10" 
4 9.5 900 0.75 9.7x10"' 
1500 0.77 2.2X10"' 
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obey the Meyer-Neldel relation (MNR; eqs 4.14 and 5.1 below) 
as a function of L within a given sample. This is obviously 
another manifestation of the inapplicability of the MT model 
to the experimental results. As clearly seen from the results 
on sample 1, 2, and 3, listed in Tables 5.1 and 5.3, however, 
E. and Do both decrease with increasing CHO or CH. A similar 
trend has been observed in a-Si:H.®® In contrast to the 
analysis of the results described above, this behavior is 
consistent with the MT model:"'®*'" The average site visited 
by diffusing hydrogen is shallower the higher the H content. 
Due to the other inconsistencies with the MT model mentioned 
above, however, it is suspected that this agreement is 
fortuitous. The issue raised by Kirchheim and Huang®^ thus 
appears to be particularly appropriate to a-Ge:H (see below). 
The correlation between the values of E, and Do among the 
different samples listed in Table 5.3 is obvious. Figure 5.5 
shows the MNR 
Do = Aooexp(E./kTo' ) 5.1 
of Do vs E,. The values of To' and Aoo resulting from the 
linear best fit of E. and Do listed in Table 5.3 to eq. 5.1 are 
530 K and 5.5x10"" cm'/s, respectively. Eqs. 1.2-1.4, 4.10, 
4.11 and 4.14, however, predict that the value of To' resulting 
from eq. 5.3 should be equal to that calculated from eq. 1.3. 
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Fig. 5.5 The Meyer-Neldel relation between the activation 
energy E, for diffusion at constant diffusion length 
and the prefactor Do 
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Yet the value of To' resulting from Fig. 5.2 is significantly 
lower than any of the values calculated from eq. 1.3 and 
listed in Table 5.1. As discussed in similar cases in a-
Si;H,®® while microvoids which trap H and D contribute to the 
value of a, and consequently T», they would have little effect 
on E. and Do (for constant L) and the resulting To'. The 
difference between the values of To listed in Table 5.1 and To' 
is another manifestation of the inapplicability of the MT 
model to a-Ge:H. 
Eqs. 1.2-1.4, 4.10, 4.11 and 4.14 also indicate that the 
value of Doo calculated from the results and eq. 1.2 would 
equal the prefactor Aoo in the MNR. The experimental results, 
however, do not enable the independent determination of Doo and 
(i). The overall significance of the MNR in this case is thus 
questionable, and may result from the nature of the Arrhenius 
relation and the limited measurement range.The value of To' 
« 530 K, which is roughly the average measurement temperature, 
supports this suspicion. 
The results on two other films, 5 and 6, are also 
noteworthy. Their initial Ge-bonded H-content was 3.1 and 3.6 
at.%, respectively. Although CH decreased during annealing 
(to 0.9 at.% in sample 5 after 2 hrs at 310°C) no smearing of 
the deuterium profiles was observed. This behavior is in 
sharp contrast to rf sputtered a-Si:H of low (~2 at.%) Cgo,** 
where no decrease in the H content was observed up to 400°C, 
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the SIMS profiles demonstrated bulk diffusion at T > 330°C, 
and a essentially vanished at T > 360°C. It is believed that 
in these a-Ge:H films, hydrogen diffuses to the nearest 
microvoid surface, and recombines at that surface to form 
molecular Hz. If the microvoid is isolated, the molecule will 
remain trapped in it; if it is connected, the molecule will 
probably escape from the film. This scenario then implies 
that the microvoid content in a-Ge:H of low Cgo is considerably 
higher than in a-Si:H of similar content. An alternative 
picture involving molecular recombination in the bulk of the 
film appears highly improbable. Such a process would result 
in a decreasing mean free path for molecular recombination 
with increasing CH. The SIMS profiles in all annealed a-Ge:H 
should then remain sharp. 
The striking results are: Among samples 1, 2, and 3, (i) 
a " 0.38 ± 0.08 is independent of T (from 180°C to 310°C) , CHO 
(from 5.0 to 7.4 at.%), and Cg (from ~ 3 - 6 at.%); (ii) E. is 
lower than in a-Si:H and decreases with increasing CH. (iii) 
Sample 4, suspected to contain a considerably higher microvoid 
content, yielded a significantly higher value of a ( •=« 0.65). 
(iv) Other samples, of low CHO, exhibited hydrogen desorption 
even as the deuterium SIMS profiles remained as sharp as in 
the unannealed film. (v) A Meyer-Neldel relation (MNR; eqs. 
4.11, 4.14, and Fig. 5.5) similar to that found in a-Si:H®®'^°® 
was observed , but with lower values of To' and Aoo. Yet it is 
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observed only among different samples, and not as a function 
of the diffusion distance L in any given sample. Since the 
value of To' is approximately equal to the average measurement 
temperature, the relation is suspected to be insignificant in 
this system. 
As mentioned above, the results of similar studies in the 
a-Siindicated the presence of two major H sites: 
(i) Bulk raonohydride Si-bonded sites and (ii) monohydride 
sites on (either large or compact) microvoid surfaces. 
Hydrogen in dihydride and trihydride configurations is well 
known to recombine to molecular Hz and evolve rapidly (< 1 hr) 
from the film at -300 °C."® The bulk monohydride sites are 
suspected to be distributed in a roughly exponential 
distribution, with energies in the range of 1.3 - 2.2 eV, 
qualitatively describable by the MT model.®® The mono-H sites 
on microvoid surfaces, on the other hand, are believed to be 
deeper, essentially rendering the H atoms immobile below ~ 360 
°C and perhaps up to ~ 475 °C. This picture accounts for the 
microvoid-induced suppression of the long-range H diffusion in 
a-Si:H. An additional important observation, however, is that 
the total Si-bonded H content remains unchanged (beyond the 
initial annealing step, which releases the hydrogen in 
dihydride configuration) during annealing above ~ 275 
It therefore appears that the monohydride H atoms at the 
microvoid surfaces do not recombine to form molecular Ha below 
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~ 360 °C, and the cross section for this recombination remains 
small up to ~ 475 °C. In contrast to a-Si:H, the deuterium 
SIMS profiles of a-Ge:H initially containing 3.6 at.% Ge-
bonded H or less remains sharp, but CH decreases during 
annealing, to, e.g., 0.9 at.% after 2 hrs at 310 °C It is 
therefore believed that a-Ge:H of low CHO has a considerably 
higher microvoid content than a-Si:H of similar CHO; as in a-
Si:H, H in bulk sites diffusing to the nearest microvoid 
cannot reenter the bulk. It can, however, desorb out. The 
details of the desorption process are not clear. We speculate 
that it may involve recombination of a surface Ge-bonded H 
atom and an interstitial H arriving from the bulk. In 
addition, neighboring Ge-bonded H atoms on the surface may 
also recombine. The latter mechanism is believed to be 
essentially absent in a-Si;H." The barrier for desorption, 
regardless of its nature, appears to be significantly 
shallower than in a-Si:H. 
As mention above, the absence of any observed long-range 
motion in films initially containing 3.1 and 3.6 at.% hydrogen 
essentially rules out a process involving molecular 
recombination in the bulk of the film. Since the rate of 
encounters between H atoms in the bulk should obviously 
increase with their content, such a process should result in 
sharp SIMS profiles in all of the annealed a-Ge:H films 
studied in this work. 
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The behavior of a may now be addressed in relation to 
microvoids and the multiple trapping (MT) model. Table 5.1 
clearly shows that among sample 1, 2, and 3, a » 0.38 ± 0.08 
is independent of CBO, CH and T in the ranges mentioned above. 
Its value, though, is considerably higher in sample 4, which 
exhibitted the greatest initial reduction in H content, from 
-9.5 at.% to less than 5.0 at.%. This initial desorption is 
probably due primarily to hydrogen from dihydride and 
trihydride configurations, usually associated with microvoids 
It is thus suspected that sample 4 also had the highest 
microvoid content. The conclusion that a is largely 
determined by the microvoid content is then in excellent 
a g r e e m e n t  w i t h  t h e  n u m e r o u s  r e p o r t s  o n  a - S i I n  a  
Si;H of low CBO (~ 2 at.%),®®'^°® however, a strongly decreased 
with increasing temperature. It was therefore concluded that 
in that system, a was also determined by MT among bulk sites 
roughly exponentially distributed in energy. Yet no such 
dependence of a on T has been observed in any a-Ge;H. We 
therefore suspect that the MT model is less relevant to a-Ge;I 
than to a-Si:H. 
As noted above, E. decreases with increasing CHO or CH 
among samples 1, 2, and 3. Since a is essentially equal in 
these samples, and independent of temperature, it is believed 
that the microvoid content is also similar among these films. 
We therefore suspect that the decreasing E. reflects some 
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distribution of activation energies among bulk sites. This 
distribution, though, is suspected to be quite different from 
an exponential: The latter would result in a strong 
temperature dependent a and a MNR between E.(L) and D»(L). 
I 
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VI. THE PERCOLATION MODEL 
As we have discussed, amorphous systems are very 
complicated due to the metastable nature of the samples 
resulting from the preparation processes. Thus, more than one 
mechanism may exist to govern the physical processes. In the 
following, we briefly discuss the transport phenomena in 
disordered systems from a geometric point of view. A possible 
explanation for our anomalous diffusion is percolation theory, 
since percolation and fractal lattices have proven to be 
reasonable models for disordered systems in many cases. We 
have carried out computer simulations and obtained preliminary 
results on this subject. Because the limitation on the sizes 
of the lattice, more averaging time is needed to make the 
calculation statistically convincing. In the following we 
briefly discuss the model in a qualitatively manner, based on 
well established results. 
Evidence exists that amorphous films have structures 
which have self-similar characteristics."^ The origin of 
this morphology is suggested to be the natural clustering 
which occurs due to the random process of ballistic 
aggregation.^" It has been noted that sputter-deposited 
films could exhibit large-scale structure which affect the 
physical properties of the film when prepared under low 
mobility condition. In the "coarsening" stage, the surface 
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morphology is characterized by columns separated by grooves. 
As the film thickness increases with time, the basic 
characteristic features of the surface morphology are retained 
but the typical length scale of the columns, Ç(t), increases 
with time. Roy and Messier"' found that for the rf deposition 
of Sic films under various conditions, Ç(t) ~ t", with p " 
0.73. C. Tang et al.have calculated p for a range of 
random and self-similar starting surface, and found that p 
indeed reaches a universal value 3/4. 
Computer simulations have been carried out for transport 
phenomena, and in particular, particle diffusion. Using 
random walk theory in uniform Euclidean systems, the mean-
square displacement of a random walker, <R'(t)>, is 
proportional to the time t, <R'(t)> « t. This is just Pick's 
law, since the diffusion constant D « <R®(t)>/t. However, in 
disordered systems, this law is not valid in general. Rather, 
the diffusion law becomes anomalous:"*'"® 
<R'(t)> ~ t'/"" 6.1 
with d„ > 2. 
The percolation model is closer to the systems we 
studied. For simplicity, instead of the more probable diamond 
structure, we describe the site percolation model on a square 
lattice. A fraction p of the sites are randomly occupied and 
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a fraction 1 - p are empty. Nearest-neighbour occupied sites 
form connected clusters, which may relate to the formation of 
micvoids. When p increases, the average size of the clusters 
increases. There exists a critical concentration Pc = 
0.593^" below which only finite clusters exist and above 
which a large ('infinite') cluster is formed. Obviously, 
below and above Pc, the size of the clusters is different, and 
the physical phenomena involved may have distinctive natures. 
For instance, the bulk conductivity a approaches zero as p 
decreases below the percolation threshold. The diffusivity D 
is related to a as D = a(kT/ne^) where n is the charge 
density, and hence will approach zero as well. The 
percolation transition at Pc is described by the probability P. 
that a site in the lattice belongs to the infinite cluster. 
Above Pe, P« increases with p as"' 
P- ~ (P - Pc)"", 6.2 
whereas below Pc, P« = 0. The diameter of the clusters below 
Pc is characterized by the correlation length S, which is 
defined as the mean distance between two sites belonging to 
the same cluster. When p approaches Pc, I diverges as 
S - (Pc - P)-" 6.3 
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The exponents p, and v are universal constants and depend only 
on dimensionality. 
Since the probability of being on clusters with sizes that 
are equal to or greater than Ç behaves as |p - pd*^ , both 
above and below Pc, further calculations give the following 
relations for the diffusion constants:"' 
(a) for p > Pc and R(t) > $, D ~ (p - Pe)''"; 6.4 
(b) for p < Pc and t -+ oo, d ~ t"^|p - Pci'^"»* and 6.5 
(c) for R(t) < D - 6.6 
where K is a constant. 
There are three characteristic regimes for diffusion on 
percolation clusters. For p > Pc the infinite cluster is 
homogeneous, and diffusion is regular. For p < Pc, the 
largest clusters are typically of a finite linear size 5(P), 
and 
<R^(t)> ~ V(p) when t tends to infinity, and the 
diffusion is suppressed. Anomalous diffusion takes place if 
<R^(t)> < ViP) ! D ~ t^'"""^, with d„ > 2. 
Clearly, percolation theory offers an explanation to the 
dispersive diffusion. Also, the value of <R^(t)> decrerases 
with the decreasing p because the random walker has less sites 
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to walk on. Thus diffusion becomes slower in the low 
concentration network than in the ones with higher 
concentration. Comparing this result with the experiments, we 
may think that the time-dependent diffusion is due to the 
disordered percolating nature of the network. As the 
concentration of the sites becomes smaller and smaller, 
diffusion slows down and even ceases. Obviously, if trapping 
is considered in the percolation model, the diffusion behavior 
will become more complicated."^ If we think that the 
microvoids act as trapping centers, a sufficient percentage of 
them may eventually suppress the particle motion. 
Several questions remain unanswered. There are obviously 
at least two subnetworks, one for Si (Ge), and the other for 
H. This is reminiscent of the "hydrogen glass" model, where 
mobile bonded hydrogen can be considered to form a disordered 
matrix distinct from the amorphous silicon subnetwork. 
From a geometric point of view, this factor basically does not 
change the dispersive diffusion behavior. But if the energy 
difference between the two subnetworks is considered, the 
outcome may be different. Another issue is the value of the 
percolation threshold Pc for the systems. Is there still a 
distinctive value of Pc in spite of the numerous configrations 
of the amorphous structures ? This is an important question 
since pc is higher than the percentage of hydrogen in the 
samples. For the diamond structure, Po is equal to 0.428 for 
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site percolation and 0.388 for bond percolation.Another 
issue is the effect of the interaction between the particles 
on Pc. It is possible that due to the complexity of the 
network in structure as well as in the interaction between 
particles, the percolation threshold for these amorphous 
systems is no longer universal. The threshold for the 
amorphous structures may become "smeared" and vary with 
preparation conditions. Diffusion becomes slower below this 
"smeared" threshold and hence results in a time-dependent 
behavior. Also, in the amorphous case, H motion (hopping) 
will not be limited to the equal distance. All these factors 
need to be considered for the overall influence and behavior. 
Nevertheless, initial encouraging results warrant further 
investigations of the applicability of percolation theory to 
atomic transport in these disordered networks. 
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VII. SUMMARY 
Long-range H motion and desorption in low hydrogen 
concentration undoped hydrogenated amorphous silicon (a-Si:H) 
and germanium (a-Ge;H) was studied by secondary ion mass 
spectrometry (SIMS) and IR absorption. SIMS monitors the 
deuterium depth profiles and, as a function of annealing, 
yields information on H motion, while IR determines the 
hydrogen density and bonding configuration. The dispersive 
diffusion is studied for varying H content Cg, diffusion 
length L, and microvoid content at temperatures T < 400 °C for 
a-Si;H and T < 310 °C for a-Ge:H, respectively. A power-law 
time-dependent diffusion constant D(t) = [^o(wt)"* was observed 
in both systems. 
In a-Si:H, ot generally deviates from the 1 - T/To 
dependence on the temperature T expected from the multiple 
trapping model. The "apparent" activation energy E. and 
prefactor Do, defined by the linear best-fit of lnD(ti,) vs 1/T, 
strongly increase with L at low Cg. The Meyer-Neldel relation 
Do = Aooexp(Ea/To') , where Aoo 3.1x10'" cm^/s and To' = 730 K, 
holds for all 1.3 < E. < 2.4 eV and 2.5x10"® < D. < 3100 cmVs. 
At low CH, the motion is suspected to be dominated by 
thermally activated detrapping out of sites distributed in 
energy, comparable to an exponential distribution of width To' 
" 730 K. This is suspected from the behavior of a which is 
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generally a nonincreasing function of the temperature, and the 
strongly inhibited diffusion in films of low H content. 
Structural relaxation, defect generation, and deep sites 
associated with both large and compact microvoid surfaces are 
also suspected to affect hydrogen motion and consequently the 
value of a. 
In a-Ge:H, a is essentially temperature independent, but 
decreases with decreasing H content. It is believed that as 
in a-Si:H, a is largely determined by the microvoid content. 
The role of bulk multiple trapping sites, though, is suspected 
to be less significant than in a-Si:H. The gradual decrease 
in CH during annealing above 180 "C, not observed in a-Si:H, is 
believed to result from diffusion to the nearest microvoid 
surface and recombination to molecular Hz at the surface. 
This phenomenon is particularly striking in low CHO samples, 
since the deuterium SIMS profiles remained sharp during 
annealing, which is in agreement with the observations of 
Beyer et al..^®' Since this behavior sharply contrasts that of 
a-Si;H of low CHO, it is suspected that the microvoid content 
of such a-Ge:H is significantly higher than in a-Si:H of 
similar CHO. The activation energy E. ranges from 0.7 to 1.2 
eV among the various films. The Meyer-Neldel relation is 
observed, with Aoo 5.5x10"" cm'/s and To' " 530 K. These 
values are lower than the corresponging values in a-Si:H. 
From the results of a-Si:H and a-Ge:H, it is evident that 
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microvoids play an important role in hydrogen motion. The 
mono Si-H bond sites on microvoid surfaces are apprantly deep 
H-trapping sites in a-Si:H. However, H desorbs from mono Ge-H 
bonds on microvoid surfaces in a-Ge:H at temperatures as low 
as 180 °C. Also evident is that hydrogen trapping sites are 
not simply distributed exponentially in energy. As the 
microvoid content increases, the deviation from the 
exponential distribution increases. The dispersive parameter 
a seems more sensitive to the microvoid content rather than to 
temperature. 
We may have to accept the fact that more than one 
mechanism may be operating due to the system complexity. 
Therefore, more than one model may be needed to explain the 
experimental observations. One possible model is that of 
percolation, which shows that the diffusion on percolating 
clusters is anomalous. 
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